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Resume

Cette thése est consacrée a I'étude des processuesl au voisinage des chocs dans les
plasmas spatiaux. La propagation des ondes de Langlans un plasma présentant des
inhomogénéités aléatoires de densité a été moddlis@ériguement; les résultats obtenus ont
été comparés aux données des instruments WHISPER/B® a bord des satellites
CLUSTER. Les réesultats de modélisation et I'étutligique portant sur l'intensité des
ondes de Langmuir observées dans le pré-choc trermesle vent solaire ont montré que le
théoreme central limite n’est pas applicable aaksttques sur l'intensité, du fait du nombre
insuffisant d’inhomogénéités. Il en résulte quéolaction de distribution de probabilité pour
le logarithme des énergies d’'ondes n’atteint pasdibution normale.

D’autre part la détection a distance de la zonesiguerpendiculaire du front de choc
terrestre a pu étre effectuée en analysant la rabdnldes ondes de Langmuir et celle des
ondes électrostatiques avec fréquence décaléexamitéd de la limite du pré-chodl a été
montré que la probabilité d’observation de la ntatignnarité du front de choc augmente
avec le nombre de Mach du choc.

Enfin le rayonnement de transition des électronativéstes au front de choc quasi-
perpendiculaire a été calculé pour expliquer le anéxne de I'émission électromagnétique
observée par les satellites prés du front de chterplanétaire le 22 janvier 2004. Les
parametres du calcul correspondent aux véritatdegnpetres de I'évenement. Le spectre du
rayonnement de transition établi théoriguementrarmaximum dans le méme domaine de
fréquence que pour les mesures.

Mots-clés chocs non collisionnels, pré-choc électroniquejes de Langmuir, rayonnement

de transition
Abstract

The doctoral thesis is devoted to the investigabbnvave processes in the vicinity of
space plasma shocks. The numerical modelling of.@mgmuir wave propagation in plasma
with random density inhomogeneities was performed #@s results were compared with
experimental data obtained by WHISPER and WBD umsénts of the CLUSTER spacecraft
project. The analysis results showed that the @ehatmit Theorem is not applicable to the
Langmuir wave intensity statistics in the EarthiseShock and the solar wind, because of
insufficient number of inhomogeneities affecting thmplitude of the waves. Consequently
the normal distribution of the probability distriiban function for logarithm of wave energies
is not achieved.

The remote sensing of quasi-perpendicular parthef Earth’s bow shock front was
performed using the analysis of the modulation afigmuir, upshifted and downshifted wave
intensities close to the foreshock boundary. Thubdglpility of the shock front nonstationarity
observation was found to grow with shock Mach numbe

The transition radiation of the relativistic elexts at the interplanetary quasi-
perpendicular shock front was calculated to expldia mechanism of electromagnetic
emission observed by satellites near the shock tronJanuary, 22, 2004. The parameters of
the calculation corresponded to the actual parasefaehe event. The theoretically predicted
spectrum of transition radiation has its maximumthe same frequency region as in the
measurements.

Key words collisionless shocks, electron foreshock, Langmuaives, transition radiation.
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MOISIKHA

Benmka KifabKICTh JIIOJEH TOKIIana 3yCHIb Ui TOTo, 00 1151 AucepTalis Oylia HamucaHa i
3axulleHa. BBaxaio 3a HeoOXiJHe, Hacamrepesa, BUCIOBUTH MOJAKY 3a JOMOMOTY Ta
OIATPUMKY MOIM  HAayKOBHM  KepiBHHKaM  AmniciMmoBy Iropo  OnekciifioBuuy Ta
KpacHocenschknx Bomogumupy BikTopoBHuy, sKi CaMOBiJJIaHO HABYAJIM MEHE TOMY, IO
3HAJM caMi, Ta JTOKJIAJIN YMMaJIo 3yCUJIb JUIsl TOTo, 11100 JaHa poboTa Oyna 3aBepiueHa.

S maxyro Bonoai KpacHocenbChkux 3a Te, IO BiH MOKa3aB MEHI CIPaBKHIM HayKOBHUM
CBIT Ta HaMaraBcs 3pOOUTH MEHE KpalliM HayKOBIIEM, a TAKOX 3a T€, 1[0 BiH 3HAMIIIOB Yac Ta
MO>KJIMBICTh TpHixaTH 10 KueBa Ha 3aXuCT aucepraiii.

Xouy okpemo noaskyBaTu Iropro OnekciiiBudy AHICIMOBY, 3a BECh TOH 4ac 1 Iparfo, sKi
BiH B MEHE BKJIaB, 3a YK€ XOpOIIE CTaBJICHHS Ta CTBOPEHHS YHIKAIBbHOI MPHEMHOT
atMochepu B HAYKOBiM Trpymi, A0 SKOi s Maja MIACTs HaJIeKaTH i 4Yac poOOTH HaL
muceprauiero y Kuesi. Meni Oyino nyxe npuemHo Oytu Bamoro acmipanTkoro. S pana, mo
3aXMCTUBIIM JAUCEPTAIlilo, S X04a O YaCTKOBO BIIJMYMIIA 332 T€ JA0OPO, sIKE s OTPUMYyBaja B
HEOOMEXEHiH KIJIbKOCTI 32 BCi poku poOoTu 3 Bamu.

S rnmuboko BAsSYHA OMOHEHTaM MoO€i mucepTariitnoi podotu — Onery KocTsHTHHOBHYY
UYepemuux ta Onekcanapy HekrapiioBuuy Kpumranio, 3a Te, 110 BOHU 3TrOJMIINCS HA TaKy
Cepiio3Hy 1 CKIaaHy poOOoTy, Ta ycmimHo ii BukoHanmu. OOroBOpeHHs Ta ceMiHapu, ski Bu
OpraHizyBaJld, IPUHECIN MEHI1 BEJIMKY KOPUCTh B MOJAJIBIIOMY IIiJ] 4ac MiATOTOBKU [0
3aXUCTY.

S Xo4y TakoX MOASKYBATH YICHAM EKCIIePTHOI KOMicii Ta BCIM IHIIUM JIIOISM, SIKi
MPOYMTATIN MO0 JTUCEPTAII0 Ta 3pOOWTH BAXKIWBI 3ayBa)KCHHsI 1 JIONIOBHEHHS, a caMe:.
I'ennanito IlerpoBuuy MinineBcbkomy, Banepito SkoBuuy Yepnsky, Onekcito AHTOHOBUYY
['onuapoBy, Onekciro AramitoBy, Onekciro [laproBcrkoMy, Moiit Mami Ta Opaty FOpi.

S Takox BAOSYHA JIIOASM, IO 3HAWIUIM Yac Ta HAJICTAM TMO3UTHUBHI BIATYKH Ha Miil
aBropedepar. S nsgkyro IOpiro ['puropoBuuy Pamomopty, Omnekcanmpy CepriiioBuday
Bomnokitiny, Tapacy CiBepcbkomy, Bacmmo MukonaiioBuay IBuenky, Onekciio AramiToBy,
Iropto  ®enmikcopuuy [omuiny, Jmutpy AmnatomiiioBuuy JI3t00anoBy, Banepito
€rreniiioBuuy Kopenanosy, ®@.JI. lynkiny ta B.I. MacioBy.

S1 BUCTIOBITIOIO CBOIO BJISIYHICTH BCIM JIFOJSIM, SIKI MEHE CITyXajiH, 3ajaBajii 3allUTaHHs Ta
HiATpUMAaIM Ha HAyKOBOMY CEeMiHapi B [HCTHTYTI KOCMIYHUX IOCIIKEHB, YUM JIOTIOMOTIIN
3pOOUTH XOpPOIIy JOMOBIAb Ha 3axucTi. OkpeMo Xouy moaskyBatu Bacuimto MukomaiioBuay
IBuenky, Onmnekcito AramitoBy, Oumnekcito IlapHoBcbkomy, AcenHy I'pumaio Ta [eopriio
B’ suecnaBoBuuy Jli3yHOBY.

Hsaxyro Bonomumupy KpaBuyky Ta Mapiycy JlimoHacy 3a iXHIO JONOMOTY TIpU
obuncneHHsx y cepefoBuili «Marematuka». 3aBasgkd Bam s ycmimHo 3aBepiuia poOoTy
HaJ OCTAaHHIM HEOOXITHUM PO3LIOM JAUCEPTAIlii.

Takox Oaxaro momskyBaTu Tapacy CiBepcbkomy Ta Tapacy JliTomeHKy, 3aBISKH SKUM
MOsl HaykoBa poOoTa Oyna MIuplIe NpeAcTaBlIeHAa Ha MDKHAPOJHMX KOH(EpeHLisx 3a
KOPJIOHOM.

BucnoBioro cBOI0O BASUHICTH CHIBpOOITHHUKAM-CIIiBaBTOpaM Moix crareil: Baci JIo63iny
ta SlHy Coydeky, a TaKOX IHIIUM JIOASM, 3 SKAMH MEHI JIOBEJOCS CIIJIKYBaTHUCh Ta
cniBnpaifoBat 'y Jlaboparopii ¢izuku Ta ximii JOBKULII Ta KocMmocy OplieaHChKOTO
yHIBepCUTETY Ta Ha pamiodpizmaHoMy (axkyabreTi KUiBChbKOro HaI[ilOHAIBHOTO YHIBEPCHTETY
imeni Tapaca IleBuenka. OcoOiuBo s XoTia O NOASKYyBaTH HaykoBil rpymi Irops
OnexkciiioBuda AHICIMOBa, 30kpema kosieraM 10 pobori C.M. JleBuTchkoMy Ta
O.I. KenpHuky.

baxato BHUCIOBUTM TOJSKY CTyJEHTaM Ta aclipaHTaM HaykoBoi rpymnu Irops
OnekcilioBrua, [Ki 3aBXIM MIATPUMYBAJIM XOPOLIMM HAcCTpiii Ta CTBOPIOBAIM BiAUYTTS
KoMaH i, a came Marmri ConoBbitoBil, [lamn Benukanens, Oni Camuyk, Tapacy Jlitomenky,
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IOpi TonoukeBuuy, Bani Boponory Ta Carmi [TonomaproBy. S 3aBxau Bac mam’ sitatumy 1 3
[IACTUBOIO YCMIIIIKOIO 3TraJlyBaTUMYy 4ac, SKHI MU IPOBOIMIIA PA30M.

Hsaxyro Aneni BeniaminiBai Tapanenko, Tamapi €ropiBai Jlucutuenko Ta ['amuHi
IBaniBHi JleBaai 3a ycminiHe i MpueEMHE BPETyIIOBaHHS (OPMAIIbHUX MUTAHb 3 IPUBOIY MOTO
HaBYaHHA B acHmipaHTypi Ta 3 MpuUBOAY poOoTH Ha pamiodizuyHoMy G(aKyIbTeTi IS
MIPOJIOBKEHHS POOOTH HA/I TUCEPTAITIETO.

Bucnosmioro cBoto BasuHicTh Banepiro IBanoBuuy I'puropyky, bormany Kasumuposuay
JIeBKiBCHKOMY Ta HOro CIIBPOOITHHLISIM 3a JIOTIOMOTY B YpEryJlIOBaHHI BCiX (hopManbHUX
MPUTaHb, K1 BUHUKAIH I 9ac 0OPMIICHHS JOKYMEHTIB JJIsI TAKOTO HEMPOCTOTO BUMAIKY
3aXMCTY AMCEpTallii, K Mi.

He moxy oOmunyTH cBO€to yBaroio Ipy I'aBpunbuenko ta Bacio Bacunenka, 3 skumu s
3axuInanacs B OJUH 1 TOW K€ JICHb, 1 3aBISKUA SIKUM BC€ OyJIO MPOCTIMIUM, TTOYWHAIOYH BiJ
oopmieHHs OaraTouyuceNbHUX TOKYMEHTIB J0 Opradizaumii camoro 3axucty. Ipo, s myxe
pana, 1o TaKuM YUHOM 3 TOOOI0 MMO3HAHOMUIIACSA 1 3APYKHIIACS.

Xody TakoX MOJAAKYBaTH cekpeTapto BueHol paau Omnekcanzapy Bononumuposuuy
[Ipoxonenky Tta konumHiM acnipantam — ["ani Ctpineuyk Ta Tapacy JliTomeHnko, siki B Mipy
MOYJIMBOCTI JIOTIOMAarajiy Opi€eHTYBAaTUCh Y CKIAQJIHOMY «KBECTi» O(OPMIICHHS aTecTaliiHUX
CIIpaB.

S TakoX IAKYI0 BCIM MOIM ApY3sM Ta 3HAHOMUM, IO MiATPUMYBAJIN MEHE MPOTATOM LIHUX
' ITH POKiB, a OCOOJMUBO THUM, XTO 3HAWIIOB Yac MEHE MiA0aTbOPUTH TIEpe]l 3aXUCTOM Ta
NPUBITATH MICH.

Oxkpema rmboKka mozska MOil ciM'i: 6aTbkaM, OpaTy Ta YOJOBIKY 3a iXHIO 0€3yMOBHY
T1000B, JOTIOMOTY Ta MIATPUMKY B YCHOMY.

Haxxans 51 He MOXKY nepepaxyBaTi AilicHO Bcix. HameBHO € oy, SKUX s He 3rajana, ajie

BOHU TE€X MEBHUM YHHOM MEH1 A0TOMOTJIH. S, 6€3yMOBHO, TaKOX iM B/sIYHA.

Lupo, 6i0 ycvoco cepys, 0Ky 8cim!
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INTRODUCTION / BCTYII
3AT'AJIBHA XAPAKTEPUCTHUKA POBOTHU

AKTYaJbHICTh TeMHU. YAapHi XBWII Y KOCMOCI Ta XBWJIBOBI MPOIECH B IXHBOMY OKOJIi
Oe3repepBHO BUBYAIOTHCS 3 MOMEHTY TEOPETUYHOTO Tepen0adeHHs ICHYBaHHS yIapHUX
XBWIb 0€3 3iTKHEHb [1] Ta iX eKCIEepHUMEHTaJIbHOTO BHSIBICHHS B KOCMIYHOMY IPOCTOpI
(ymapui xBwii 3emii Ta IutaHeT, MibKmaHetHi ymapHi xBuii) [2-3]. CroocrtepeskeHHs
CynyTHUKOBUX TpoekTiB ISEE 1-2 BusBuiaM BeIHMKYy KIIBKICTH OCOOJMBOCTEH XBHIIbOBUX
IPOIIECIB HABKOJIO YAapHOI XBUII 3eMITi Ta yIapHHUX XBHIIb Y COHAYHOMY BiTpi [4]. Ha 3miny
2-cynytHukoBoro npoekty ISEEnpuiimos 4-cynmyraukoBuii npoekt CLUSTER ,sixuii mae Ha
METI TIOJaJbllie BUBYEHHS XBUJIHOBUX IMPOIECIB y KOCMIUHIM TIJIa3Mi HaBKOJIO3EMHOTO
npoctopy [5]. 3a momomororo ngaHux BumiptoBanb cynytHukiB CLUSTER, mo garoth
MO>KJIUBICTh PO3JIIJIUTH MPOCTOPOBI Ta YacoBi Bapiamii (i3MYHUX BEIMYUH, OYJIO BIIEpIIE
EKCIEpPUMEHTAIbHO BUSBICHO, HAIIPHUKIIA, IPOSBU HECTALIOHAPHOCTI (PPOHTY yIapHOI XBHUIII
3emii [6], 30kpema, itoro mepedopmyBanHs [7].

[IpoBonuThCs mocTiiiHA poOOTa 3 iHTEpHpeTalii JaHUX CYIMYTHUKOBUX BUMIPIOBaHb Y
CBITJII ICHYIOUHMX TEOPETHYHHUX YABJICHb Ta PE3yJbTAaTiB KOMIT IOTEPHOrO MojeaoBaHHs [8].
OTxe, BHUBUCHHS XBWJIBOBUX TPOIECIB MOONHM3Y YAApHUX XBUJIb Yy COHSIYHO-3EMHOMY
MPOCTOPi 3a JIOMOMOTOI0 CYIYTHUKIB CKJAJa€ HEAOWAKUN I1HTEpeCc y CydacHid ¢izuii
kocmocy. Kpim Toro, criBmparist 3i CBITOBOIO HayKOBOIO CHUIBHOTOIO y paMKaxX MIXKHApOIHUX
CYMMyTHUKOBUX TPOCKTIB 3HAYHOI MIPOIO0 BH3HAYa€ BHECOK YKpaiHW 10 MIKXHAPOIHUX
JOCITIJIKEHb KOCMIYHOTO TIPOCTOPY.

Ha panuii MOMEHT BemyThCS OCHIDKEHHS TMPOOJIeM TMOPYyIIEHHS aniadaTudHOCTI
€JIGKTPOHHOI KOMIOHEHTH KOCMIYHOI IUIa3MH, MEXaHi3My MPHCKOPEHHS YaCTUHOK YAApHOIO
XBHJICIO, XBHIIACTOCTI Ta 3MOpIIKyBaTocTi ii ¢ponty Ta iHmi [9]. ITpoBOAUTHCS TaKOXK
BUBYCHHS XBWJILOBOI aKTHBHOCTI Ha ()poHTax Ta y ¢oprrokax (mepemyqapHuX 00JIACTSX)
yIApHUX XBWJIb, BHKJIMKAHOI B3a€EMOMIEI0 TPUCKOPEHUX YAaCTHHOK 3 HABKOJHIIHIM
CepeIOBUILEM.

Oco0OnmuBHil 1HTEpEC CKIAMAIOTh CTATHCTHYHI BJIIACTMBOCTI aMIUTITYJ JIEHTMIOPIBCHKUX
XBHJIb Y €IEKTPOHHUX (hopIIokax ynapHux xBuib [10].

[ToTOKM €NeKTPOHIB MPHUCKOPEHHUX Y KBa3IMEPNEHIUKYISIPHIN YacTUHI (PPOHTY ydapHOI
XBWII TEHEPYIOTh JICHTMIOPIBCBbKI XBHJI1, 1110 CIIOCTEPITaloThCS CYIYTHUKOBOIO aaparyporo y
eNeKTpOHHUX (opmrokax. 3alleKHICTh aMIUTITYyIM [HUX XBWIb BIJ Yacy Mae€ Jemo
HEeperyJIsipHUNA XapakTep, IO MPUHHATO TMOSICHIOBATH MPUCYTHICTIO HEOJHOPITHOCTEH
KOHIICHTpallii TUIa3MH Ha MUIIXY NOIMHUPEHHS XBWIi. [ TOSCHEHHS CTaTHCTHYHUX
BJIACTUBOCTEH Jorapu(My 1HTEHCHBHOCTI JIEHTMIOPIBCHKUX XBHIIb y (hopmiomi 3emiui Oyio
PO3pO0JIEHO TEOpit0 cTOXacTHYHOro 3poctanHs [11], sika Ga3yeThCss Ha MPHITYIICHHI PO
BEJIMKY KUTBKICTh 00OJacTell 3 JOJAATHUM IHKPEMEHTOM, Kpi3b sIKi MPOXOAUTh XBuis. JlaHa
Teopis mepeadavac HOPMAIBHHM pO3MOALT JjorapudMy amIunTyn xXBuib. [lepeBakHa
OUTBIIICTh CTAaTUCTUYHUX JOCTI/DKEHb TIO0Ka3ye MpHOIM3HY BiAMOBIIHICTh PO3MOALIIB
HOPMaJIbHOMY, 3 JCSKHMH BiIXWJICHHSMH JUTS AY)KE€ MAJIUX Ta JIy)KE BEITUKUX aMILTITYI, aie
MOPIBHSIHHS 3 IHIIMMH MOXIJIMBUMH PO3IMOAUIAMH JUISl CEpeHIX aMIUTITyI XBHJIb JIOCI HE
npoBoauiocs. Kpim Toro, panimie He AOCTIIKYBanacs 3aJICKHICTh THUITY PO3MOAUTY Bif
KUTBKOCTI HEOTHOPIAHOCTEH, uepe3 siKi TPOXOIUTh XBHUJIS.

XBWISICTICTH (POHTY YIApHOI XBUJII CIIOCTEPITa€ThCS y KOMIT FOTEPHOMY MOJICTIOBaHHI
K TPOSB HECTAI[IOHAPHOCTI 3rajJlaHoro (QpoHTy, ajne ii BKpail CKIaJAHO BHUSBUTH Y
CYIyTHUKOBUX BHUMIpIOBaHHAX. Bynu cripoOu ii gocmikeHHs Ha oauHOuHIN moxii [12], ame
noMi0HI pe3ynbTaTd HE MOXKHA BBaXKATH JOCTAaTHHO 3arajbHUMH. Ha OCHOBI METOAMKHU
BIJIJTaJICHOT MIarHOCTUKH KBa3iMEepHEeHANKYISIPHOI 00J1acTi PpOHTY HABKOJO3E€MHOI ymapHOI
xBwil [13], iCHye MOMJIIMBICTh BUSBUTH XBHJIACTICTH (POHTY 33 MOJIYJISILIEI ITOTOKIB
MIPUCKOPEHUX (PPOHTOM €JIEKTPOHIB 1, BIAMOBIAHO, IHTEHCHUBHICTIO JICHTMIOPIBCHKUX XBUJIb Y
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enekTpoHHoMy Qopirori. [logioHa MeToanka MoXe 3a0e3MeUYUTH JOCTATHIO CTATHCTUYHY
BUOIPKY JJIS IIUPOKOTO AOCTIHKEHHS HECTAI[IOHAPHOCTI (PPOHTY yAapHOI XBUJII 3eMIIi.

Oxpim ymapHoi xBwii 3emii, cynyrHuku CLUSTER mpu BHXOII B COHSYHHMI BiTep
MOXXYTh CIIOCTEpITaTH TAKOXX MDKIUIAHETH1 yAapH1 XBWJl. BuMmipioBaHHS B OKOJI MOTYXKHOT
ynapuoi xBuii 22 ciudst 2004 poky [14] moka3yrooTh OAHOYACHE MiJBHUIICHHS KOHIIEHTpAIIil
PENATUBICTCHKUX EJEKTPOHIB Ta TMOSBY €JIEKTPOMArHITHOTO BUIIPOMIHIOBAHHS Ha YacTOTI
~ 1.2-1.6fpe, ne fpe — mna3smoBa enexrponHa uvacrota. Hocnignuku [15] mpumyckaroTs, 1o
JlaHEe BHIPOMIHIOBAHHS MOXE€ OyTH TEpexXiTHUM BHUIPOMIHIOBAHHSIM PEISTUBICTCHKHUX
€JIEKTPOHIB, 10 Apei(yloTh depe3 obiacTh cTpuOKa mapameTpiB B ynapHid xBuii. s
MEepeBIPKH JTaHOT1 TIMOTE3W HEOOX1MHO BUKOHATH TEOPETUYHUN PO3PAXYHOK IEPEXiTHOTO
BUIIPOMIHIOBaHHS.

Jlnst MOCHiKEHHsI 3TaJlaHuX XBHJIBOBUX MPOIECIB y OKOJI yAapHOi XBWiIl 3emiti Ta
MIXKIUTAHETHOI yAapHOi XBUJII HEOOXiTHO PO3pOOMTH BiAMOBIJAHI TEOPETHUYHI MOJENI, Ha iX
OCHOBI TIPOBECTH aAHATITUYHI PO3paXyHKH, KOMII IOTEPHE MOJICITIOBAHHS Ta BHKOHATH
CTaTUCTHYHI JTOCIIPKEHHS 3 BUKOPUCTAHHIM JJaHUX BUMipioBaHb cynyTHUKIB CLUSTER.

3B’5130K_po00OTH 3 HAVKOBMMH IPOrpaMaMM, IJIaHAMM, TeMaMH. JIOCITiDKeHHS, 110
yBIMIUIM 70 JAucepranii, MPOBOAWIMCA Yy pPaMKax YKpaiHCbKO-(paHIy3bKOi HayKOBOI
criBnpaii 3a miarpuMku [loconscTBa @paniii B YkpaiHi Ta HAyKOBO-TOCHITHHUIIBKOI TEMHU
NeO6BI1052-03 ®o03pobka (pi3MUHUX OCHOB MPUIIAIB Ta MPOTrPAMHO-ANAPATHUX KOMIUIEKCIB
TUTSL pasiio(hi3MYHUX CHCTEM €HEPrOKOMIUICKCY», BUKOHAHOT B KMiBChbKOMY HaI[IOHAIBHOMY
yHiBepcuteTi iMmeHi Tapaca IlleBueHka, CliBBUKOHABLIEM SIKOT Oyia JHCEPTAHTKA.

Meta i 3agadi gocJimskeHHs. MeTor0 HOCIIDKEHHS € BCTAHOBJIEHHS MEXaHI3MIB Ta
3aKOHOMIPHOCTEH XBUIILOBUX IPOIIECIB PI3HOMAHITHOI IPUPOJM B KOCMIUHIN IJ1a3Mi B OKOJI
yIapHUX XBWJIb Ha OCHOBI JaHuX BuMiptoBaHb cynyTHUKIB CLUSTER.]Insa nocaruenss iiei
METH pO3B’ A3yBaJIKCs TaKi 3a7adi:

— Po3poOka mozeni MOMMPEHHS JEHTMIOPIBCBKUX XBWJIb Yy IJIa3Mi 3 BUMAIKOBUMH
HEOJTHOPITHOCTSMHU Ta TMOPIBHSIHHS PE3yIbTaTIB YUCIOBOTO MOJACIIOBAHHS 3 CYMyTHUKOBUMU
CIIOCTEPEIKEHHSIMH Y €JIEKTPOHHOMY (hopIrorti 3emti.

— 3HaxOKEHHs MPOSBIB HECTAIlIOHAPHOCTI (PPOHTY yIdapHOI XBHJI 3eMili 3a JTaHUMH
BUMIPIOBaHb 1HTEHCHUBHOCTI JICHTMIOPIBCBKMX Ta 3CYHYTHX 3a 4YacCTOTOK XBUJb Y
€JIEKTPOHHOMY (hopIIOI 3emii.

— 3’scyBaHHS TIPUPOJU EIIEKTPOMArHITHOTO BHUIIPOMIHIOBaHHS Ha 4YacTOTax, M0
OUTBIIMX BiJ €JIEKTPOHHOI IUIa3MOBOi, €KCIEPUMEHTAIBHO 3a()iKCOBAaHOTO B OKOJI (DPOHTY
MDKITJIAHETHOT yJIapHOT XBHJII.

06’ exkm docniodcenHs. yaapHi XBUJI B KOCMIYHIN TJ1a3Mi.

IIpeomem Oocniddicenns. XBUTHLOBI IPOLIECH B KOCMIYHIN T1a3Mi B OKOJII yIapHUX XBHJIb
PI3HOMAaHITHOI IPUPOIH.

Memoou docniosxcenusn. Y po3aini 2 nucepTarlii BAKOPUCTOBYBABCS METO MTPOTOHKH IS
PO3B’ 3Ky piBHAHHS KyToBOi audys3ii. s kiacudikamii TeOpeTHYHO Ta eKCIEPUMEHTAIBHO
OTPUMAaHUX PO3MOJUIIB 1HTEHCUBHOCTEH JICHITMIOPIBCBKUX XBWJIb Yy dopmori 3emil,
BUKOpUCTOBYBaBcst Metoa KpuBux Ilipcona. ¥ 3 po3nini po6oTH BUKOPHUCTOBYBABCS METOJ
Jlomba st MoNIyKy mepioAMYHOCTEH Y KOJIMBAHHSAX 1HTEHCUBHOCTI JIECHTMIOPIBCHKUX XBHJIb Y
eJIeKTpoHHOMY (oproni 3emii. Y po3aiiai 4 nmpu TEOPETUYHOMY PO3PaXyHKY HEepexiTHOTro
BUIIPOMIHIOBaHHS JIJIsl PO3B’ 13Ky XBHJILOBOTO PiBHSHHS BUKOpucTOBYBanucs metoau BKb ta
NOCTHIIOBHUX  HaOmmwkeHb. JIyis  po3paxyHKy IHTErpajiiB, II0 BH3HAYalOTh IOJIE
BUNPOMIHIOBAHHS B JajeKiii 30HI, 3aCTOCOBYBAJIMUCS CTaHIAApPTHI METOAM MaTeMaTUYHOI
¢bizuku (METO JIUIIKIB, METOJ] CTAI[IOHAPHOI (ha3u) Ta YUCIOBI METOIH.

HaykoBa HOBM3HA 0/1eP/KAHMX Pe3YJIbTATIB

— 3a J0moMOoTror0 MOJelNi HOUIMPEHHS ICHTMIOPIBCHKUX XBHJIb y TIa3Mi 3 BUMIAIKOBUMHU
HEOJHOPITHOCTSMHU ~ BIIEpIIC JOCTIIPKCHO 3aJICKHICTh THIy PO3MOAULTY Jorapupmy
IHTEHCUBHOCTI JICHTMIOPIBCHKMX XBWJIb BiJl KUIBKOCTI (QUIYKTyaliii KOHIIEHTpamii, sKi
NIEPETHHAE XBUJISL.
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— Bnepme 3actocoBano Meronuky Ilipcona ans  kmacudikamii  po3noniiiB
IHTEHCUBHOCTEH JICHTMIOPIBCHKUX XBHWJIb Y €JIEKTPOHHOMY (opiomni 3emii i BUSBICHO, IO
po3noaia norapruMiB IHTEHCUBHOCTEH XBHIIb Kpallle alpoKCuMyeThesi posnozaiiom Iipcona
IV Tumy abo B-po3mnozinoM, a He HOpMaTLHUM PO3ITOIIIOM.

— Brnepuie Ha IUPOKOMY MacHBi CYIYTHUKOBUX BUMIPIOBAaHb JIOCIIIKEHO BIACTUBOCTI
HecTalioHapHOCTI  (QPOHTY yaapHOi XBWJi 3eMii 3 BUKOPUCTaHHSAM  (IIyKTyaIii
IHTEHCUBHOCTI JICHT'MIOPIBCHKUX XBHJIb B €JIEKTPOHHOMY (hOPIIOL 3emiti.

— Bmnepmie po3po0ieHO TeopeTHYHY MOJIENb Ta MPOBEICHO PO3PaXyHOK MEPEeXiJTHOTOo
BUIIPOMIHIOBAHHS PENISATUBICTCHKOTO E€JIEKTPOHA, IO Apeiye B CXPEHICHUX EIECKTPHUYHOMY
Ta MarHiTHOMY MOJISX Yepe3 (PpOoHT MIKIIAaHETHOT YAapHOI XBHUJII.

IIpakTHyHe 3HAYEHHS OJePKAHMX pe3yJabTaTiB. OTpuMaHi B IucepTauiiHiii poOOTi
pe3yabTaTH JO3BOJISIOTH MIHOIIE 3p03YMITH MPUPOTY XBHIIHOBUX MPOIIECIB MOOIH3Y YIAPHUX
XBWIb y Kocmoci. Lli pe3ymbraTt BapTO OpaTu 10 yBaru IpH IOJAIBLIIOMY BHBYCHHI
JICHTMIOPIBCHKUX XBWJIb B €JICKTPOHHUX (POPIIOKAX yAapHUX XBHJIb, XBHIACTOCTI (PpOHTIB
YIApHUX XBUIb Ta MEPEXiHOT0 BHUIPOMIHIOBAHHSA HA iX (POHTAX. X MOXKHA BHKOPHCTATH
JUIS 1HTeprpeTaiii JaHuX CYNyTHHUKOBUX BHUMIPIOBAaHb XBUJIBLOBOI AaKTHBHOCTI B OKOJII
KOCMIYHUX YyJIApHUX XBWIb PI3HOMAHITHOI MPHPOIH, a TAaKOX MpH IJIaHYBaHHI HOBHUX
CIIOCTEPEIKEHb Ta €KCIIEPUMEHTIB 3 JTOCIIKEHHS XBHJIBOBHX MPOIECiB y KocMoci. Haykosi
pe3yabTaTd MOXYTh OyTHM BHKOPHCTaHI IMpH JOCHIHKEHHSAX y [OMOBHIM acTpoHOMIuHiM
obcepBaropii  HAHY, Incruryri kocmiunux  gociimkerr HAHY i@ HKAY,
Pagioactponomiunomy inctutyri HAHY, Incrutyri ionocpepu HAH ta MOH Vkpainmy,
KuiBcbkomy HamioHanmpHOMY yHiBepcuteTi iM. Tapaca IlleBuenka, XapKiBCbKOMY
HalioHabHOMY YHiBepcuteTi iM. B.H. Kapasina Ta B IHIIMX HayKOBHUX yCTaHOBax, J€
MIPOBOJIATHCS TOCTIKEHHS] KOCMIYHOTO TIPOCTOPY.

Oco0ucTuii BHecok 3100yBaya. Y po6oti [16] muceprantka Opasa y4acTb y po3B’ si3aHHI
PIBHSHHS KyTOBO1 Au(Yy3ii, YNCTOBOMY MOJICITIOBAHHI MOIMMUPEHHS MaKeTy XBUJIb Y TUIa3Mi 3
BUIIAIKOBUMH HEOJHOPITHOCTSAMHU Ta IHTEpHpeTalii pe3ynbTaTiB MOJENIOBaHHA. Y poOoTi
[17] mucepranTka BHKOHAla IATOTOBKY, OOpOOKY Ta aHaji3 CKCIHCPUMEHTATbHHUX JaHHX
npunany WHISPERcynyraukie CLUSTER, 6pana yyacte y 0OroBopeHHi Ta iHTEprpeTaii
pe3yabTaTiB poOOTH, a TaKOK HAMMCaHHI TEKCTy crarTi. Y poborti [18] mmcepranTka
BHUKOHAJa MONEPETHIO CENISKINI0 TMOIN s MOJANbIIO] CTATUCTUYHOI 0OpOOKH, BUKOHYBaJa
MONIYK Ta Opaja y4acTh y OOTOBOpPEHHI METOJIB aHaIi3y CYIYTHUKOBUX JaHHX. ¥ poOOTax
[19-20] nucepranTka Opaiia y4acTb y BUOOpPi TEOPETHYHOI MOJEINI, IHTepIIpeTallii pe3yyibTarTiB
Ta (GOpMYTIOBaHHI BHUCHOBKIB JOCTIDKCHHS, a TAaKOXX BHKOHAJa AaHAIITHYHI Ta YHUCIIOBI
PO3paxyHKH Ta Mucana TEeKCTU CTaTeH.

Anpoobaiisi_pe3yJbTaTiB_aucepraiii. PesynpTaTi, mo yBinum A0 aMcepTaIliiHOI
pobotu, gonoBinanucs Ha Takux koHgepeniisx: 13th Open Young Scientists’ Conference on
Astronomy and Space Physics, Kyiv, 2006 [21]; DyiwaiProcesses in Space Plasmas, Ein-
Bokek, Israel, 2006; EGU General Assembly, VienAastria, 2006 [22];International
Workshop on Frontiers of Plasma Scierbeeste, Italy, 200613" International Congress on
Plasma Physics (ICPP-2006), Kiev, 2006 [23-24f Conference of Doctoral Students-WDS
2006, Prague, Czech Republic; 6-8 International ngo&cientists Conferences on Applied
Physics, Kiev, 2006-2008 [25-27]; 3-4 Internatio@nferences “Electronics and Applied
Physics”, Kiev, 2007-2008 [28-29]Vkpaincbka koHbepeHiis 3 Gi3UKH IUIa3Mu  Ta
KepoBaHoro tepmosigepHoro cuntesy — 2007,m. Kuis [30]; Spatio-Temporal Analysis and
Multipoint Measurements in Space — 2, Orleans, ¢gar2007 [31-33]; 8 ykpauHckas
KOH(epeHIUs 10 KOCMUYECKHM HCCIeOBaHUAM «COJHEYHO-3eMHBIE CBS3M M KOCMHUYECKast
norona», Esmaropus, 2008 [34]; 14 International Congress on Plasma Physics, Fukuoka,
Japan, 2008 [35]; International Conference - SchmolPlasma Physics and Controlled
Fusion, Alushta (Crimea), Ukraine, 2008 [36)}, Takox Ha IIOPIYHHX HAYKOBUX
KoHpepeHiisx [Hcrutyry saepuux mociimkednb HAH VYkpainu (M. Kui, 2008-2009),na
HayKoBHUX ceMinapax Jlaboparopii ¢izuku Ta ximii gqoBkimis (Opiean, ®panis) ta kadeapu
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¢izuyHOi  eneKkTpoHikM  pamiopizmuHoro - Qaxynbrery KuiBCBKOro  HaliOHAJIBHOTO
yHiBepcuTeTy iMeHi Tapaca IlleBuenka.

Iyo6uaikanii. Pesyneratn aucepranii omyOiikoBani y S craTTsaX, HagpyKOBaHHUX Y
xypraagax “Journal of Geophysical Research”, “Planetary @mhce Science”, “Annales
Geophysicae”, “Ukrainian Journal of Physics3d “Problems of Atomic Science and
Technology”, 6xomnoBigsax y 30ipHHKax Mmpaimb HayKOBHX KoH(epeHiiii ta 10 gomoBimsx y
30ipHHKAxX Te3 HAyKOBUX KOH(EPEHIIii.

Crtpykrypa Ta o0car_aucepramii. /lucepramiss CcKiIagaeTbCs 31 BCTYNYy, YOTHPHOX
PO31iiB, BUCHOBKIB, CIIUCKY BUKOPHCTAaHUX JKepen 13 143HalimeHyBaHb.

3micT podoTu

Y BCTVYIII obrpyHTOBaHO HEOOXITHICTH TOCHIKEHHS XBHJIBOBUX IPOIIECIB y OKOJII
yIapHUX XBWJIb Y KOCMIYHIM Ila3Mi Ta MOAAHO 3arajibHy XapaKTEPUCTHUKY TUCepTaliiHOl
pob6otu. IlokazaHo aKTyalbHICTH JOCIHIKYBaHOI TeMHU, CHOPMYITHOBAHO METY, 3aBJIaHHS Ta
OMHKCAaHO METOIU TPOBENCHHA MAOCHiKeHHs. KpiMm Toro, 3a3HadeHa HayKkoBa HOBHM3HA
OJICpKAHUX pe3ylbTaTiB, IXHE TPaKTUYHE 3HAYCHHS, OCOOMCTHI BHECOK 3700yBauya,
anpoOarisi pe3yibTaTiB aucepTauii Ha KOH(EPEHIsAX, ceMiHapax Ta CUMIO3iyMax, a TaKoX
B1JIOMOCTI1 PO KUIBKICTh MyOJTiKaIii.

PO3/IUI 1 nmpucBsueHMiA OISy JTEpaTypH MPO XBHJIBOBI MPOLIECH B OKOJI YAApHUX
XBWIb y KOCMIUHIA muiazmi. Y migposaum 1.1 posrmsiHyro (i3wuHi 3acagd MOMKIUBOCTI
ICHYBaHHS yIapHUX XBHJIb Oe3 3iTKHEeHb. [logaHo KOpOTKHiA OmuC ynapHOi XBWII 3emili Ta
MPUYMHN YTBOPEHHSI E€JICKTPOHHOrO Ta 10HHOTO (QopmiokiB. CydacHa TOYKa 30py Ha
MOXO/DKEHHSI Ta BJIACTHBOCTI JICHTMIOPDIBCHKMX XBWJIb IEpel YAApHOIO XBHJICK 3emili
neTanbHO omucaHa y miaposniai 1.2 [Tigpo3ain 1.3 mictuTh iHOpMaIlitO PO CyYacHUM CTaH
CHpaB y JOCIKEHHAX HECTaI[lOHAapHOCTI (QpOHTY yaapHOi xBwmi 3emui. Y miaposnini 1.4
OTMCAHO TMapaMeTpPH MIKIUIAHETHOI ymapHOi XBwWI, sIKy crioctepiranu 22 ciuas 2004 poky
npuianu cynytHukiB CLUSTERTa WIND. IlpoBeneHo onuc Ta 0OroBOpeHHs BIACTUBOCTEH
€JICKTPOMArHiTHOTO BHUIPOMIHIOBAHHSI, K€ CIOCTepirajiocs mooiusy (GpoHTy XBuWIi. Y
nigpo3aini 1.5 ommcano OararocymytHukoBuii mpoekt CLUSTER ta HaBeneHo KOpOTKi
XapaKTePUCTUKH TPUIAMIIB, SIKI 3HAXOAWJIMCh Ha OopTrax cymyTHHKIB, 30kpeMa WBD Ta
WHISPER. [lanuii po3ain 3aBepuIyeTbCsl BUCHOBKAMH, Yy SKHX OOIPYHTOBYETHCS
HEOOXITHICTh TOAAJIBIIOTO JOCTIIKEHHS XBHJIBOBUX TMPOIECIB Y OKOJI YIapHUX XBUJIb Y
KOCMOCi, 30KpeMa CTaTHUCTUYHUX BJIACTUBOCTEH JIGHTMIOPIBCHKHUX XBHJIb y Qopiromi 3emi,
HEeCTaIlioHapHOCTI (PpOHTY ymapHOi XBWIl 3eMji Ta XBHJIBOBUX MPOIECIB 01 (POHTIB
M1KTUTAHETHUX XBUJIb.

Y PO3AUILI 2 pochikyeTbes IIIa3MOBO-TTyYKOBA B3a€EMOIST Yy BHIQJAKOBO-
HEOJHOPIIHIN TUIa3Mi Ta aHaNI3yIOTbCS CTATHUCTUYHI BJIACTHUBOCTI JICHTMIOPIBCHKHX XBHJIb
Majoi aMIUNTYOd Yy COHSYHOMY BITpI Ta e€JIEKTPOHHOMY dopmiomi. Y miapo3aia 2.2
BUKOHYETHCS UHMCIIOBE MOJICIIOBAHHSA TOIIMPEHHS JIGHTMIOPIBCBKUX XBHJb y IUIa3Mi 3
HEOJHOPITHOCTSIMU E€JICKTPOHHOI KOHIIEHTpallii Ha 0a3i TEOpeTHYHOi MOJeNi, ONMHUCAHOI Y
nigposaim 2.1. Pesynbratu MonentoBaHHS MOPIBHIOIOTHCS 3 €KCIIEPUMEHTAIBHUMU JTaHUMU
npuwiany WBD cynyraukie CLUSTER y miapozaini 2.3. Y miaposnini 2.4 mpoBOAUTHCS
NIMPOKE  CTATHCTUYHE  JIOCHIDKCHHS  BEJIMKOI  KUTBKOCTI MO  CIIOCTEpeKEHHS
JICHTMIOPIBCHKUX XBWJIb y (opiorii 3emiri Ha OCHOB1 €KCTIEPUMEHTAIbHUX JTAaHWUX, BUMIPSHHUX
npunagom WHISPERcynyraukie CLUSTER.BucHoBKu 110 po3ainy 2 3BeAeHI Y Miapo3ii
2.5.

Y PO3JUII 3 mnpoBeneHO CTAaTHCTUYHE JOCHIMKEHHS HECTalllOHAPHOCTI KBa3i-
NePHEHANKYIISIPHOI  o0nacTi  ymapHoi XBWJII 3eMji 3 BHKOPHCTAaHHSIM BHUMIPIOBaHb
JICHTMIOPIBCbKHUX XBUJIb y (opmoni 3emii cynmyrHukamu CLUSTER.ITigpo3ain 3.1 onmcye
KputTepii BiOOpPY AaHUX Ta MPOIEAYPYy iX OOpoOKH. AHaii3 pe3ynbTaTiB CTAaTUCTUYHOTO
JOCIIJKEHHS IPOBOUThCA y miapo3aini 3.2.I1incymok pobotu mifBeneHo y miapo3aini 3.3.

PO3 AT 4 npucBsiueHU# pO3paxyHKY MEPEXITHOTO BUIIPOMIHIOBAHHS PEIIATHBICTCHKHUX
€JIEKTPOHIB 3 oOmacTi MibkmiuaHeTHoi yaapHoi xBumi 22 ciuns 2004 poky. Y minposnim 4.1
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ONMCAHO MapaMeTpH 11i€i yAapHOi XBUII. IX OyI0 B3ATO 10 yBaru IpH po3pobili TeOpeTHYHOT
MOJIEJI PeSATUBICTCHKOTO €JIeKTPOHa, 1o aperdye depe3 obnacTh cTpulOka KOHIEHTpaIli y
xBWI. Mojens 3 JmiHIHHMM mpodiieM KOHIEHTpaIlii po3risinaeTbes y miaposaim 4.2. s
PO3B’SI3Ky XBUJILOBOTO DIBHSHHS TYCTHHY CTPYMYy €IEKTpPOHA, IO o0epTaerhbcs, Oyio
PO3KIIaZICHO O MJIOCKUX XBUJISX, 10 onucaHo y mifapo3aini 4.3.Ilinpo3nin 4.4 npucBsiueHuit
PO3B’SI3Ky XBWJIbOBOT'O DIBHSHHS [UJI1 BEKTOP-TOTEHIIATy 3a JIOIOMOTOI METOdY
TrE€OMETPUYHOI ONTHUKU I MOJENi 3 JIHIKHUM Tpaai€eHTOM KoHIeHTpauii. OTpumani
pesynbTaTH ommcadi y migposfimi 4.5. Ixmili amamis mnokasye, mo mnpu po3B’sA3aHHI
XBWJIBOBOT'O PIiBHSAHHA 3a jpomnomoroo merony BKB MoxHa 3poOuTH Nesiki BUCHOBKH PO
BJIACTUBOCTI BUIIPOMIHIOBaHHSI, ajie HE MO>KHA PO3paxyBaTy HOTO CIIEKTP.

Jnst Toro, mo0 OTpUMATH CHEKTP MEPEeXiJHOrO BHUIIPOMIHIOBAHHS PENSTHBICTCHKOTO
€JIeKTpPOHa, 10 aApeddye depe3 GpPOHT MDKIIAHETHOI YAApHOI XBWII, OYJI0 PO3TISHYTO
MOJIeNIb MAIUX 30ypeHb HieNeKTPUYHOI MPOHUKHOCTI. BinmoBigHe XBUIbOBE PIBHSAHHS OyJ0
PO3B’SI3aHO METOJOM IOCIIOBHUX HaOmmxkeHb (miaposmin 4.6). Pesynpratu oOYMCIEHHS
HepexiIHOr0 BUIPOMIHIOBAHHS, HOTO BIACTUBOCTI Ta CIIEKTP OOrOBOPIOIOTHCS B IMiJIPO3.iNi
4.7. 'V mapo3aini 4.8 TPOBOAUTBCS PO3PAXYHOK ITUKIOTPOHHOTO BHITPOMIHIOBAHHS
PENSATUBICTCHKOTO €JIEKTPOHA 1 MMOKA3Y€EThCs, 1110 HOr0 BHECOK JI0 3arajbHOTO BUIIPOMiIHIOBAHHS
JTy’Ke MaJluil y TIOPIBHSHHI 3 BHECKOM TIEPEX1THOTO BUMPOMiHIOBaHHS. Po3min 4 3aBepInyeTchs
(opMytoBaHHIM BUCHOBKIB.

Y BUCHOBKAX mnigBOAUThCS 3aralbHUM MiICyMOK POOOTH, MIPOBEACHOI Y AUCEPTALli.
3a uumM crnigye CIHMCOK BUKOPUCTAHOI JIITEPATYPH, Ha SKy € NOCHUIAHHS y TEKCTi
TUcepTaliiHol poOOTH.




CHAPITRE 1/ PO3A41J 1

XBUWJILOBI ITPOLIECH IOBJMN3Y YIAPHUX XBUJIb Y KOCMIUHINI
IJIA3SMI (OTJISIA JIITEPATYPH)

1.1. Ynapni xBuJi 6e3 3iTkHeHb Y KOCMiuHii muia3mi. Yaapua xsuis 3emJi

VaapHi XBWJII CHOYaTKy BHBYAJIHMCS B Ta30BUX cepemoBumax. I[li3Hilme akTHBHUN
PO3BUTOK (i3MKM IUIa3MHM, TIOB’S3aHUM, mepm 3a Bce, 3 MPOOJIEMOI0 KEpOBAHOTO
TEPMOSIIEPHOTO CUHTE3Y, CIPHUSB AOCHTIHKEHHSM YAapHUX XBIIb y Tu1a3Mmi. [locTano nutaHHs
PO ICHYBaHHS YAapHUX XBHJIb Y YK€ PO3PiDKEHIH T1a3Mi, HalpUKIIaa, KocMiuHiit [37].

YTBOpeHHsI yAapHOi XBWJII 3a0€3MeUyeThCS HASBHICTIO HEMIHIWHOCTI Ta MPHUCYTHICTIO
MeXaHi3My, 10 3amodirae mepeKugaHHio ii GPOHTY, 1 CYNPOBOMIKYETHCS PI3KOI 3MIHOIO
JesIKuX (GI3MYHUX MapaMeTpiB MpU MPOXouKeHHI depe3 ¢ponT [38]. 3a3Buyaii y JTOCHTH
TOHKOMY 1Imapi Ha (pOHTI XBWJII €HEpris BIOPSAAKOBAHOTO TIOTOKY HEOOOPOTHO
MEPETBOPIOETHCS B TEIUIOBY €Heprio. B 3BHuailHOMYy Ta3i 1e BiIOyBA€ThCS 3aBISKH
31ITKHEHHSIM MK MOJIEKYJIaMH, TOMY B ra3i TOBIIMHA (PPOHTY yAapHOI XBHUJII 0OMEXEHa 3HU3Y
BEJTMYMHOIO TIOPSJIKY JOBXKHHU BITLHOTO TIPOOITY.

VY mnazMmi aucunanist oOyMOBIIOETHCS KOJIEKTUBHUMH e(eKTaMH — HECTIHKOCTSMHU Ta
30y/KeHHSIM XBWIb. Lle yMOXITMBIIOE iICHYBaHHS CHCU(BIYHUX YIAPHUX XBHJIb 3 HTUPHUHOIO
(GpoHTY, 3HAYHO MEHIIIOKO BiJl JOBKUHU BUTBHOTO IPOOITY YaCTUHOK.

[Ticns BigkpuTTs yaapHoi xBuii 3emuti cymyTHukamu IMP icHyBaHHS ynapHUX XBUJIb Y
ru1a3Mi 0e3 31TKHEHb OUIble He BUKIMKAIO CYMHIBIB. 3aJHIIAIOCH JIUIIE 3pO3yMITH, SIK BOHU
YTBOPIOIOTHCS 1 SKI MPOIECH POOJISITH MOXKJIMBUM ICHYBAHHS TaKUX XBWJIb y PO3PIKEHIN
TIa3Mi.

Po3risiHeMO CIpOIeHy TeOpil0 MarHiTO3BYKOBHMX yraapHHX XBwib [1]. Hexait ymapha
XBUJIS 3 TOBIIMHOIO AXp, 3HAa4YHO MEHIIOK JOBXHHH BUIBHOTO TMPOOITY YacTHHOK,
MOIIMPIOETHCS B PO3PIIKEHIN IU1a3Mi MEPIEHIUKYIIPHO MarHiTHOMY TMOi0. OCKUTBKH
MarHiTHe I10JIe 3aBEPTa€ 10HU Ta EJIEKTPOHU Ha3a B 00JIaCTh pO3IrpiToi IUIa3MH Ha BiACTaHIX
HOPSIKY JIapMOPIBCBKOTO pafiycy Bim ¢ponty (puc. 1.1), To mepekugaHHS W pPO3MHUTTS
¢poHTy XBUIi HE BitOyBaeThcs. TOOTO MarHiTHE 1MoJie MPUBOAUTH 10 AUCIIEPCIHHUX e(eKTiB,
mo cTabumi3yroTh GpoHT XBWIi. B o6macti ymapHoi XBwiIi 3emili poiib JUCHIIALI] TPalOTh
TypOyJeHTHI mynbcallii, 00yMOBJIEHI KOJIEKTUBHOIO B3a€EMOJI€I0 B IUIa3Mi, TEpTs 10HIB 00
€JICKTPOHHM, MPUCKOPEHHS MTPOTOHIB Ta 1HIII (HI3UYHI TTPOLIECH.

MarHiTo3ByKOBI XBUJIi HEBEJIMKOT aMILTITY/IM MOKHA onKcaTH piBHsHH:IM [1, 38]:

¢’ d°B B*-By  c’ndB

-——_=B,-B+B ,
«f dez 2B2M 2 of udé

(1.1)
Jie ¢ — MBHUJIKICTh CBITJIA, Wy — €JIEKTPOHHA TIa3MOBa 4acToTa, By — IHAYKIlISE MarHiTHOTO
HOJIS B IUIa3Mi 10 IPUXOAY yIapHoi XBWJI, B — iHAyKIlis MarHiTHOro moist y (ppoHTI XBHII, U
— MBHUAKICTH YAapHOI XBWJII BIZHOCHO He30ypeHOi miasmu, Ma = VeW/Va — allbBEHIBCHKE
yrcao Maxa, 1 — KoedillieHT, 110 BpaxoBye AMCUNAII0, ¢ — y3araJbHeHa KOOpIMHATA.
EdexTuBHa popma moTeHITIaTBHOT MU, Y SIKil BiIOYBaIOTHCS KOJUBAHHS MarHiTHOro nois B,
BU3HAYAETHCS BUPA3OM:

(B_ Bo)2 (B+ Bo)2 -1
2 | 4BM,’

V(B)= (1.2)
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Puc.1.1: a — ¢poHT mnomepedHoi yaapHOi MAarHiTO3BYKOBOi XBWJII (CXeMaTHUHE

300paskeHHs); 6 —MarHiTo3ByKoBa yaapHa xuis [38].

3 (1.2) moxHa 3HAWTH MiHIMAIbHE 3HAYEHHS MArHITHOrO MO Bryin=B(—0)
= ¥Bo(1 — (8V? + 1)), sxe npu M = 1 npocto gopiBHIoe By, Ta MakcuMallbHe 3HAYEHHS
Bmax= BO(ZM - 1).

Bincranp Mixk JBOMa MOCITIIOBHUMU MakKCUMyMaMHt 0111 ()pOHTY BU3HAYAETHCS BUPA3OM:

c 1 In V,,, Wy

DXy ~— :
" wJIM-1 M -1

(1.3)

Onumemo dopmyBanHs npodiro maraiTHoro mojis B Bcepenuni ¢ponty. Crioyatky B
HE30ypEeHOMY CepeloBUINI 3’ ABISETbCA CONITOH 3 aMIunTynor B = Bmax. 3a paxyHox
HEOOOpPOTHOI  JaucHmanii CTaH  CepeAOBWINA  INCIS  MPOXOKEHHS  Takoi  XBHJI
BIJIPI3HATUMETHCS BiJ] monepeaHporo. Ha Bimcrani ~ AXg micis mepiioi Wiae apyra XBHIIS 1 T.JI.
XBuiisi 3B'A3ye JABa CTaHM CEpENOBHUINA: HE30ypeHe Tepel XBWICH Ta 30ypeHe
POMOJY/IbOBAaHE KOJIMBAaHHAMH. 3a (POHTOM XBWJII KOJMBAaHHA 3 4YacOM CTalOTh
€KBITUCTAHTHUMH Ta OJIM3bKUMHU 10 nepioguunux [38].

HaiiGinpinm BUBYEHWM TIPUKIAIOM YAApHOiI XBWUJI 0O€3 3ITKHEHb € YyJaapHa XBHWJISA
MmarHiTochepu 3emii.

[[mazmMa COHSYHOTO BITPY CKIQJAEThCSA TEPEBAKHO 3 EIEKTPOHIB Ta TPOTOHIB.
KoHmieHTpallisi 49aCTHHOK B COHSYHOMY BITpi CKIIajae ~3-10cm ™ [39)], i HOBXHMHA BiILHOTO
npo0iry ejxekTpoHa 3a omiHkamu gopiBHIOE Biactadi Bim 3emuti go Conns (1 a.o.). IMorik
COHSIYHOTO BITPY 3 HA/I3BYKOBOIO MIBUKICTIO HAIITAE HA TIEPEIIKOIY — MAarHiTHE TIOJie 3eMITi.
Tak yTBOprO€THCS (PPOHT MArHITO3BYKOBOT yIapHOT XBHIII.

ExcniepumeHTanbHi 1aHi PO CTPYKTYPY Ta BIACTUBOCTI YAApHOI XBHIII 3eMJli HaM BiaoMi
3aBASKA BHMIPIOBAaHHSIM JBOCYIMYTHHUKOBOTO TpoekTy ISEE 1-2Ta GararocymyTHHKOBOTO
npoektry CLUSTER fuB. onuc mpoexkty CLUSTER y migpozaini 1.5). Lli BumiproBaHHS
BKa3ylOTh Ha Te, IO yAapHa XBWJISI 3eMJIi TOCTIHHO 3MIHIOEThCS 1 Mae 0araTo CKIIAQTHUX
ocobnuBocTeit [9, 40-42].

OCHOBHHMMHM TIapaMeTpaMH, 110 XapaKTePU3YIOTh yJIapHi XBHII B KOCMIYHOMY IIPOCTOPI, €
abBEHIBChKE unciio Maxa Ma, sike JOPIBHIOE BiAHOIIEHHIO HIBHAKOCTI MOTOKY COHSYHOTO
BITPY Vsw JO aJbBEHIBCHKOI IMIBHAKOCTI TEPEN YAApHOIO XBHUJCIO Va, Ta KyT Ogn MiK
HOPMAaJUTIO 10 (PPOHTY XBHUJII TA HAMPSMKOM JIiHIil MarHiTHOTO MOJIS TIepe]] yIapHOIO XBUIICIO.
BiactuBocTi ymapHOi XBHWJII TaKOK CHIBHO 3ajlexarh Bif mapamerpa f (BigHOIIEHHS
ra30KiHETUYHOTO THCKY JO0 MarHiTHOTO) JJIsi KOKHOTO THITYy YaCTHHOK Ta CITiBBIJHOILICHHS
MDK EJIEKTPOHHOIO IIIa3MOBOIO YaCTOTOI0 (Wpe Ta EIEKTPOHHOIO TipOYacTOTOI Wce Jiist
yaapHoi XBuiti 3eMiti wpd Wee >> 11 flei~ 1.

B 3anmexxHocTi Big 3HAYGHHS KyTa fgy  yAapHI  XBWII  MOJIISIOTBCS — HA
kBasinepnenukyispai  (Ogy > 45°) Ta  kBasimapanemsHi  (fgy <45°)  Puc.l.2a).
KBasinepnenaukyssipui [41] xBuii, Ha BiAMiHy Bia KBasimapanenbHux [42], 3Ha4HO Kpailie
BUBUYEHI. BOHM MaloTh YiTKO BHPaXXEHY CTPYKTYPY, IO CKIATAETHCS 3 IT €IeCTaly, CXUIY,
Bukuay i nmposany [43]. Ils cTtpykTypa A00pe BiATBOPIOE TEOPETHYHO OTpUMaHuii puc. 1.16



8

(mopiBusATH 3 puc. 1.2a). ®poHT KBa3i-NEPHEHIUKYISIPHOT YAapHOT XBHIII XapaKTePU3yEThCS
MOCWJICHHSIM XBHJIbOBOI aKTUBHOCTI. BHECOK 110 yTBOpEHHs TypOYJIEHTHOCTI POOISATH MOIH
JICHTMIOPIBCbKUX, 10HHO-aKYCTUYHUX, HWXKHBO-TIOPDUIHHUX XBWJIb Ta BICTIEPHU, a TaKOXK
OIMOJISIPHI €JICKTPOCTATHYHI CTPYKTYpH [44].

[IpucytHicTh yCiX IMX MapaMmeTpiB pOOUTHh AHATITUYHUN ONHMC yJapHUX XBHIb 0e3
3ITKHEHb HA/I3BHYAIHO CKIaTHUM. TOMY JUTS TOCIiIPKEHb ITMPOKO BUKOPHCTOBYIOTH YHCIIOBE
MOJICTIOBaHHs. MarHiTorigpognHaMiuHe HaOMMKeHHS HE WiAXOAWUTh MJisi BUBUYCHHS
KiHETUYHUX €(EKTIB, ajle HUM MOXXHAa CKOPUCTATUCH JUIS ONHUCY TUIA3MOBHUX YAAPHHUX XBUJIb,
BpaxyBaBLIM BHECOK KiHeT*I/I‘-IHI/IX HecTilikocTel sik anoManbHui omip [40]. IcHye kpuTHUHE
3HaueHHs yucina Maxa M, ~ 1-3,mpu nepeBUICHH] SIKOTO aHOMAaJILHUMN OITIp MepecTae OyTh
JOCTaTHIM JpKepenoM gucumnanii. Toxai HeoOXimHO BpaxoByBaTH iHINI JHCHUIIATHBHI
MEXaHI3MH, U TIAPOJAMHAMIYHHI ONMUC CTa€ HE3aCTOCOBHUM. Y AapHI XBWI 3 unucioM Maxa
MEHIIUM HiX M, A* HA3MBAIOTHCS JOKPUTUYHUMH, & BIAMOBIIHO 3 YnMCIOM Maxa OUIBIIUM HiXK
MA* — HAJKPUTUYHUMHU. YJapHa XBWIS 3eMJll € 3a3BUYail HaAKPUTHYHOW. OCHOBHUM
MEXaHI3MOM JHCHIIAlii B HAIKPUTHYHUX yIAPHUX XBHUJSX € BiJOMBaHHS MPOTOHIB
€JIEKTPOCTAaTUYHUM TOTeHIiajoM. lleli moTeHIian BHHHMKAE BHACTIOK PI3HOI IMOBEIIHKH
CJIEKTPOHIB Ta TMPOTOHIB Ha (poHTI ymapHOi XxBuwiai. OCKUIBKM IMKJIOTPOHHHUH pajiyc
o0epTaHHs €JICKTPOHIB 3HAYHO MEHIIWK Bijl XapaKTEPHOIO TOMEPEYHOTO Po3Mipy (GpOHTY
yIapHOI XBWJI, a HUKIOTPOHHUN pajiyc MPOTOHIB CYMIpHUH i3 LI€I0 BEIWYMHOIO, TO IS
3a0e3MeueHHs KBa3iHEHTPaIbHOCTI T1a3Mu (OPMYETHCS TIONEpeYHMiA moTeHIian [9].

@poHT yaapHOi XBUJIl MarHitocgepu 3eMiti BiIOMBA€E Ta MPUCKOPIOE 3apA/HKEHI YACTUHKU
— ENIEKTPOHU Ta 10HW. BinOMBIIMCH, BOHU MOIIMPIOIOTHCS B3/IOBXK JIiHIA MarHiTHOTO IOJIS B
HanpsMKy Big 3emuti 10 Conis. Tomy 3po3ymisio, 110 BUIIE TAHTCHINIANBHOT JIiHIl — MarHiTHOT
JiHI{, JOTUYHOI 0 yAapHOi XBWJII 3eMJli, YaCTHHOK Maibke Hemae. [oTik COHSYHOTO BITPY
3HOCHTbH 1Ii YAaCTMHKM B OIK yJapHOi XBWJII, TAaKUM YHHOM YTBOPIOIOYH TPAHMIIO 00JIACTi
GopIIOKyY, sSKa 3HAXOAUTHCSA TPOXH HIDKYE BiJ TaHTeHMianbHOI niHii [45]. Ockinbku BimOWTI
€JIGKTPOHU MPUCKOPIOIOTHCS 10 OUTHIIUX MIBHJIKOCTEH HIK 10HM Ta MAalOTh MEHIIY Macy, TO
BOHHM MEHIIIE 3HOCSTHCS COHSYHHM BITPOM. 32 paxyHOK IIbOTO 00JacTh, SIKa 3HAXOIUTHCS
HAWOMMXK4Ye [0 TAHTEHI[IATbHOI JiHII Ta MICTUTh JUIIE MPUCKOPEHI YIAPHOI XBUIICIO
CJIEKTPOHH 1 (POHOBY IIa3My COHSYHOIO BITPY, HA3HUBAETHCS €JICKTPOHHUM (DOPIIOKOM (IHB.
puc. 1.20).

O6nacTh sKa 3HAXOIUTHCS HUIKYE 32 MOTOKOM COHSYHOTO BITPY Ta MICTHTH SIK BIOWTI
EIeKTPOHM, TaK 1 BiAOWTI HOHW, HA3MBAETHCSA 3a aHAIOTIEI0 10HHUM (opiiokoM. Mexa
i0HHOTO (hOPIIOKY HE MapaeabHa 10 JiHili MardiTHOro moss (auB. puc. 1.20).

B enexTporHOMY (OpIIOI MPUCYTHI YITKO BUPAXKEHI KOJIMBAHHS Ha IJIA3MOBIH 4yacToTi —
JIEHTMIOPIBCBbKI XBHJIi. IXHilf XBHJIBOBHH BEKTOp CIIPSMOBAHMH MpPHOIM3HO B3IOBK IiHiH
MarHiTHoro noss. L{s ob6craBuHa MiATBEpKYeE, MO BOHU 30YKEHI MydKaMu BiIOUTHUX BiJ
yaapHoi xBujii 3emuti enekTpoHiB. Ha Mexi enekTpoHHOTO (DOPIIOKY IIa3MOBI KOJHMBAHHS
HANOUIBII 1HTEHCHBHI Ta JOCHUTh BY3bKOUACTOTHI. BOHM cTaloTh cHabmUMU 1 MEHII
perynsipauMu B0  ¢Gopmioky. THITOBI 3HAYEHHsI HAMPYKEHOCTI EJIEKTPUYHOTO TTOJIS
IUTa3MOBHX XBHJIb TIEpPEN yAapHO xBmiero 3emii ckmagaiors 10°-10% B-m™. Bracmizox
NapaMeTPUYHOTO0 pPO3Maay JICHTMIOPIBCBKHX XBHJIb Ha HEOJHOPITHOCTAX IUIa3MOBOI
KOHIICHTpAIii yTBOPIOIOTHCS TAKOXK E€JICKTPOHHO-aKyCTUYHI XBuIi [48].

Skimo cynyTHHK mepeTHHae 00JacTh 10HHOTO (POPIIOKY, TO CIOCTEPITAETHCS CHIIBHHUMA
eNeKTPOCTATHYHMIT mwyM B wacToTHOMy miamasomi 10%-10° T'm, oGymoBnenuii iomHoO-
aKyYCTUYHUMH XBUJISIMH, 110 30y/KYIOThCS 10HaMu 3 eHeprisimu nopsaaky 1-40keB. Kpim Toro
CIIOCTEPITraloThCsl HATHU3BKOYACTOTHI MarHiTOT1IPOMHAMIYHI XBHUITI.

OCKITbKHA €JEKTPOHH TMPHUCKOPIOIOTHCSA Y KBa3IMEPIEHAUKYISApHIA o0macTi ¢GpoHTY
yIapHOI XBWJIi, TO XapaKTEePUCTHKH MOTOKIB, SIKI BOHH YTBOPIOIOTH Yy (hOPIIOLI, LIIKOBHUTO
3aJIe)KaTh BiJ] TOHKOI CTPYKTypHu (GpoHTYy. TakuM 4MHOM, Oyab-sKi HEPETYISIPHOCTI (POHTY
BIiZIOOpa3AThCS HA XapaKTepUCTHKaX IIOTOKIB Ta Ha mapamerpax 30y KyBaHUX HHMHU
JICHTMIOPIBCHKUX XBHWJIb. Ha Takux MipKyBaHHSX 0a3yeThCs TIarHOCTHKA HECTAI[iOHAPHOCTI
KBa3iMEepHeHIUKYIAPHOI 00sacTi poHTY ynapHOi XBWI 3emIili, 3alpONIOHOBAaHA aBTOpPAMHU
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[13]. Ls ™meToamMka JUCTAHIIHHOI TIarHOCTHKM 3aCTOCOBYETHCS Yy po3aimi 3 maHoi

JUcepTarii.
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Puc. 1.2:a — ynapna xBwisa niepes; MmarHirocdeporo 3emiti. B pi3HHX 007acTsSX OJHOYACHO
NPUCYTHI ~ KBasimapajelbHa  Ta  KBa3iNepNeHAMKYJIspHA  ynmapHi  xBwii  [46];
0 — po3TamyBaHHS TaHTEHIIAJBHOI JIiHII, €JEKTPOHHOTO Ta 10HHOTO (OPIIOKY TMepe
yIapHoio XBujero Marairocdepu 3emii [47]. CxemaTuuHi 300paKeHHS.

1.2. IloxoaskeHHsI Ta BJIACTUBOCTI JIEHIMIOPIiBCHbKHUX XBHJ/Ib Nepe] YIaApHOK XBHJIEKO
3emuri

[ToTOKM eneKTpOHIB y KOCMIUHIM TUTa3Mi Tepej] yIapHOK XBHJICKH 3eMJll TeHEpPYIOTh
JICHTMIOPIBCbKI XBHJII 32 MEXaHi3MOM KiHeTHU4YHOi HecTiiikocti. Ile MoxyTts Oytm abo
€JIEKTPOHH (POPIIOKY, BIIOMTI Ta MpUCKOpEeHi (PPOHTOM ymapHOI XBHIJII MarHiTochepu 3emii,
abo eNeKTPOHW, NPUCKOPEHI MIKIUIAHETHUMH yJApHUMH XBHJISIMH, TOPOIKEHUMHU
COHSTYHMMHU CIUIECKAMH JIPYTroro Ta TPEThOTO TUITY.

3 caMoro nodvaTky KOCMIYHUX OCHIJKEHb 32 JIOTIOMOIOI0 CYMYTHHKIB, JICHTMIOPIBChKi
XBWJI OyJIM MPEeIMETOM aKTUBHOTO BUBYEHHS B COHSYHOMY BITpi, B opiori Maraitochepu
3eMiTi Ta B OKOJIi 1HIIUX IUTAHETApHUX yJapHUX XBWIb. ENEKTpOCTaTHYHI XBHJII Ha 4acTOTi,
OJM3BKIN 10 JIOKAJBHOI IJIa3MOBOi YaCTOTH B COHSYHOMY BITpI MeEpell yIapHOK XBHIICIO
3emuti, BIiepuie IociipKyBamucs B podoTax [49-50]. ABropu iHTepIpeTyBalu ILi MPOSBU
XBUJILOBOT aKTHUBHOCTI IIJIa3MH SIK JICHTMIOPIBCHKI XBHWJI, TTOPOJUKEHI IJIa3MOBO-TTYYKOBOO
HECTIWKICTIO TIOTYXHHMX IOTOKIB €JIEKTPOHIB BUCOKHMX eHepriil. L{i moToku mommproBaiucs
BiJl yIapHoi XBUJI 3eMIIl Ha3yCcTpid COHSYHOMY BITPY. BiaTomi miia3MoBi XBUII B COHSIYHOMY
BITpP1 LIMPOKO JOCITIKYBAINCSA, 30KpeMa, PH BUBUEHHI COHSYHUX pajiocmuieckiB |lI-ro tumy
Ta TpH po3risAnl  (QyHAAMEHTAIBHUX TMPOOJEM IUIa3MOBO-ITYYKOBOI B3aeMojii. PanHi
EKCIepUMEHTAIbHI JOCTIDKEHHS IIUX MpPOIECiB BUKOHYBAINUCH Al oOsacTeil (hopMyBaHHS
coustyHux pamiocrureckiB Il tumy. JleTansHi npssMi BuMmiproBaHHs iN Situ Ha Biacrani 1 a.o.
NOKa3aJld OJHOYACHY TOSABY pO3MOJIUIY €JEKTPOHIB 3a MIBHJIKOCTAMU 3 TEIJIOBUM
CJIIEKTPOHHUM ITy4KOM Ta 3pPOCTaHHsS PIiBHSA IUIa3MOBHX XBHWJIb Haja ¢onoBuM [51]. Bymu
BIZICYTHI OyAb-fKi O3HAaKH IUJIATOMOAIOHOTO pO3MOAUTY YAacTUHOK, SKUH mependadae
KBa3lJIiHIIHA TEOpis.
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ABtopu [52] 3HalUM TEpIINil TEePEKOHINBUI SKCIIEPUMEHTAIBHUIA JI0Ka3 TOTO, IO
consiuHi paaiocruiecku Il Tuny cympoBomkyBaucsa 30yIKEHHSM JICHTMIOPIOBCHKUX XBHIIb.
i xBumi sBisiM co0o0l0 HaOip KOPOTKUX, ajleé IHTEHCHUBHHX CIUIECKIB, 3rPYMOBaHUX Y
CKYITYeHHs. [HO/I TPUBANICTh IUX CIUIECKIB HAOMMIKAIACs 10 PO3IIILHOI 3JaTHOCTI MPUIaIy
3a yacoMm (50 Mmc), 1 BiTHOIICHHS MaKCHMaJIbHOI IHTCHCUBHOCTI JI0 11 CEpeHbOTO 3HAUCHHSI
6yio nopsiky 10—10° [52)].

[Momanpmmii AeTanpHUN CTATUCTHYHUN aHAI3 aMIUTITY[l €IeKTPOCTaTUYHHX XBUIb B
€JICKTPOHHOMY (hopIIIoNi MoKa3as, MO II XBHJI TaKOX CKIJIAIAIOThCS 3 OKPEMHUX CIUIECKIB 3
TUNOBOIO TpuBaiticTio 15—40mc [53].

[TocTano muTaHHS MOKJIMBOCTI 1HTEPIPETALlii IIMX CIIOCTEPEKEHDb Y TEPMIHAX HETTHIHHUX
XBHJILOBUX IAKETIB, COJITOHIB YW KoJiaricy XBWib [54-55], ockinbku Ha Toi# yac yxe Oynu
OomyOIIKOBaHI OCHOBHI pe3yJbTaTH TEOPETHYHHX JOCHIDKEHb CJa0KOi Ta CHJIBHOI
TypOyJaeHTHOCTI. ABTOpH [56] aHamizyBanu JICHTMIOPIBChKI XBHJII B 001acTsIX (hOpMyBaHHS
COHSYHMX paxgiocmuieckiB  IlI Tumy B coHsyHOMy BiTpl. BoOHM He BUABWIM B
EKCIIePUMEHTAIbHUX JTaHUX JKOIHHUX JOKa3iB Ha KOPUCTh OYIb-SIKUX CHIIbHUX HENiHIMHUX
SBUI TUMY (OPMYBaHHS COJIITOHIB YM KOJIAICY, SIKI MOTJIM O OyTH MPUYMHOIO ITyJbCaIlii
aMILTITYI¥ JICHTMIOPIBCBKUX XBWJIb byno 3ampomoHoBaHo [56] mosicHuTH (oOpMyBaHHS
CKYITYEHB CIUIECKIB IIUX XBWJIb TUM, IO TJIa3Ma € HEOJAHOPITHOIO Ta B OUIBIIOCTI 00OJacTeH,
Jie TY4OK Mir 30y/DKyBaTH XBWJII, XapaKTepHUH MaciTad HEOJHOPIAHOCTI MOPIBHIOBAHUH 3
XapakTEpHUM  pO3MIpOM  PO3BUTKY HecTiiikocTi (oOepHeHHM iHKpeMeHTOM). Taki
HEOHOPITHOCTI MOXKYTh JIOKAJIbHO MPUYIIYBATH I1JIa3MOBO-ITYYKOBY HECTIHKICTb.

Astopu [56] cTBepKyBaH, 110 JAOCTATHE MiJACHICHHS BUHHUKAE JIMIIEC B3IOBX IMEBHUX
HANPSIMKIiB, JI¢ ICHYIOTh JIOKQJIBHO OJHOPIIHI 00JacTi, M0 i MPUBOAUTH O CIIOCTEPEIKYBAHUX
cruteckiB amrutityau. L{s imes Oyna mani po3BuHena aropamu [11, 57-62].

CrioctepekeHHS ~ BEJTMKOMACIITAOHUX  (IIYKTyalil eJeKTpPOHHOI KOHUEHTpalii Yy
COHSYHOMY BITpi JajM BaroMi apryMeHTH Ha KOPHCThH Ifi€l iHTeprperarii. ABropu [63]
NpEeJCTaBUIM NepIli IpsAMi BUMIpIOBaHHS (PIyKTyaliil HOTOKY YaCTUHOK Y COHSYHOMY BITPI.
i BumiproBanHs nipoBouHcs 3 6opty cynyrauka OGO 5y wacrorHomy aianazoni 0.0048-
13.3 T'u. IlepeBaxkHa OUTBIIICTE BHUMIPSHMX CHEKTpiB Morja OYTH ampoKCHMOBaHa
CTeneHeBo (YHKIIIEI0, B TOW 4Yac sK 1HIN Majgud OuUIbIl CKIaAHy (OpMy 3 OIHOPIAHOIO
o0Omactro B gianaszoHi Big 0.1 10 0.51 1.

Besmocepenni iN Situ BuMiproBaHHSA CrHeKTpy (GIyKTyallii KOHIIEHTpalii Ha OopTy
cynytukiB ISEE-1 ta ISEE-2 [64] nokazanu, mo ¢uykryanii TyCTHHH 3 BiITHOCHOIO
amrutitymor on/n ~10° 2 MOXXYTb iICHYBaTH B Aiana3zoHi MacmtadiB nmopsaky 100kMm, B Toit yac
SIK BUMIPIOBAHHS MUKIUIAHETHUX CHUHTHUISAIIN 3 IMO3araJlakKTHYHUX Pagio/Kepen NalTh
cepenne 3HaueHHs on/n mopsaky 10° [65]. B excnepumenti ISEE, 3a THIOBHX yMOB
coHsiyHoro BiTpy Ha Bifctani 20 R, aBropu [64] Takok BHSBHIH, IO CIEKTP MOTYKHOCTI
KOHIICHTpAIlii €JIEKTPOHIB HE MOXE€ OyTH HaOIMKEHHUM OJIHUM CTCIICHEBUM 3aKOHOM Y
miama3oHi 4acTOT BIJ 10°3 I'm mo 5Tu. Crnektp MoxkHa OyJ0 YMOBHO MOJUTUTH Ha JBa
YAaCTOTHHX Jiana3oHu, JIe HOro MOKHA HAOIHM3UTH CTENCHEBUMHU (YHKIISIMU 3 BIAMIHHUMHU
MOKAa3HWKAMH CTeMeHs. BiAMoBiMHMUK 37aM Ha CIEKTpi, M0 BIJJUISB OJWH Jiara3oH Bif
IHIIIOr0, 3HaXOAuBCA Ha yacToTi 6-10 2 ['m. [Ti3nime, Ha 3HAYHO OUTHIIIOMY MAacHBI JaHUX, Ti
caMi JOCIiTHUKH B poOoTi [66] migTBepaui CBOI MOINEpeHi BUCHOBKH PO JBA CTEIICHEBHX
3aKOHM 3 TOUKOr0 nepexony Oins 0.11'm. BoHu Takox cTBEpIKYBaH, 110 TOKA3HUK CTETICHS
JUTSL BECOKHMX YacTOT € 3MIHHUM, a JUIsl HU3bKUX 4acTOT BiH NpuOmm3HO ctanuid. [Ipu mpomy
a0COJIIOTHE 3HAYCHHS aMIUNTYAu (UIYKTyaliil KOHIICHTpAIll MPOMOpPIIHHE 0 CEepeaHBOTO
3HAYeHHs KOHLIEHTpalii ria3mMu. ['0l0BHUN BHECOK 10 PiBHS (IyKTyaliid poOUTh YacTHHA
CIIEKTPY 3 YaCTOTaMM BUIIUMU BiJ] YaCTOTH 371amMy. [HTerpyroun criekTp y miana3oni 4-161Ti,
JOCIIIHAKY BHUSBWIM, IO CEPEAHIN BIIHOCHH piBeHb (UIYKTYyamiid ON/N KOJIMBAETHCS MiXK
0.03 ra 0.07 i3 cepennim 3HadeHHsiM noOmm3y 0.04. Taki nocuTh BeNWKI HEOJHOPITHOCTI
KOHIIEHTpaIlii MOXYTh €()EKTHBHO pO3CIFOBATH JICHTMIOPIBCHKI XBHJII, 1 TaKUM YHHOM,
ICTOTHO BIUIMBAaTH Ha iXHid iHKpeMeHT [66]. Kpim Toro, He Oysjo 3HaiijieHO IOKa3iB Ha
KOPHUCTH CUJILHOI aHI130Tpotii QIIyKTyarrii.
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HemonaBuo B pobGoti [67] Oyno orpuMaHo crekTp (iaykTyalliii KOHIEHTpamii 3a
KOJIMBAaHHIMHU TOTEHIliany, BuMipsHumMu 3oH1oM EFW ma Gopry cymytHukie CLUSTER
(muB. migpo3nin 1.5)y ButbHOMY COHSYHOMY BiTpi. OCKIJIBKH CIIOCTEPEXKYBaHI €ICKTPHYHI
T0JIs1, 1[0 CYNPOBOKYIOTH IIi (IIYKTYyaIlil, € JOCUTh CIIA0OKUMH, aBTOpHU [67] CTBEpIKYIOTH,
10 €JIEKTPOHHI Ta 10HHI (UIYKTyallii B3a€MHO KOMIICHCYIOTBCS, 1 Pe3yJIbTyIoue PO3JiJICHHS
3apsAiB BUSBIAETHCS MaJIUM. TakuM YWHOM, i (UIyKTyalii HaraayrTh 10HHO-aKyCTHYHI
xBui [67].

HasBHicT, Takmx (QUIyKTyalliii MOKe€ BIUIMBAaTH Ha JUHAMIKY IIJIJA3MOBO-ITYYKOBOI
B3aemonii. Jleski edexktn Oynu BHABIEHI 3 BHUKOPUCTAaHHAM IMPSIMHUX BUMIPIOBaHb
BHCOKOYACTOTHUX CIIEKTPUYHMX IOJIB y KocMmoci. ABtopu [68-69] moBimoMuin, 1o XBHII,
SKI CHOCTEpIraloTbcs B OKOJi 00JacTi €IeKTPOHHOTO (POPIIOKY, TOCUTh YacTO MaroTh HE
JHIWHY, a SMNTHYHY TOJSIPU3AIII0 1 MOXKYTh SIBIATH CO0010 Z- MOJIU, a HE JICHTMIOPIBCHKI
XxBWIi. BOHM 3ampomnoHyBanu MexaHi3M, BIANOBIAHO A0 SKOro TpaHC(opMallis MOYaTKOBO
3T€HEePOBAHOT JICHTMIOPIBCHKOI XBHIII B MOBUIBHY €JIEKTPOMArHiTHY MOJy MOX€E BiOyBaTHCs
Ha HEOJTHOPIAHOCTAX 1a3Mu. Y po0oTi [70] Oyiio BUBUEHO 3aJICXKHICTh aMILIITY/ XBHIb Bijl
BIJIHOIICHHS IIBUKOCTI My4YKa J0 TEIJIOBOI MIBHUIKOCTI €JIEKTPOHIB 1 BUSABJICHO BiJACYTHICTH
IPSMOi KOpEJSIii Mi>K IHTCHCUBHICTIO XBHJIb 1 XapaKTEPHOI CHEpri€o myukiB. ABTopu [71]
BKa3ajiv, 10, MOXJIMBO, PO3MOJIA TYCTHHH IMOBIPHOCTI 1HTEHCHUBHOCTI XBWUJIb Ma€ OyTH
pO3AUIEHUI Ha 1Bl YaCTUHU. XBUJII MaJoOi aMIUTITyId MOXYTh MAaTH PO3IOJLI, OB’ sI3aHUM 13
BJIACTUBOCTSIMH JIIHIHHOI HECTIMKOCTI, B TOW Yac SK CTAaTUCTHKA IHTEHCUBHOCTI XBWIb 13
BEJIMKUMH aMIUTITY1aMH (<XBICT» PO3IO/LTY), IO OMUCYETHCS CTEIICHEBUM 3aKOHOM, MOXKE
BU3HAYATHCS HEIIHIMHUMU mporiecaMu. JloMaTKOBUM JOKa3 HAa KOPHUCTh BAXJIMBOI POJIi
HEJHIMHUX TPOLECIB y CTATUCTUII XBWJIb BEJIUKOI aMIUTITYAM MpPEACTaBIeHO B podoTi [48]
Ha OCHOBI JanuXx crocrepexensb npuiaanxy WBD npoexkty CLUSTER fus. migposmin 1.5).

Po3BuTOK Ta 3acTocyBaHHs TeOpii HACHUEHHs HECTIMKOCTI HAa BUNAJKOBUX (PIYKTyarisx
KOHIIEHTpaIlii — Teopii ctoxactuunoro 3pocranus (Stochastic Growth Theory) [11, 59-61, 72-
73] cpusiii po3ropTaHHIO IHTEHCUBHUX JOCIIIKEHb EKCIICPUMEHTAIBHO OTPUMAHUX TYCTUH
pO3MOiTy WMOBIPHOCTI €HEprii XBWib. [OJIOBHA i/ies Teopli CTOXAaCTUYHOTO 3POCTaHHS
NOJISITa€ B MPUITYLICHHI, 10 IPUCYTHICTh BEMKUX 32 aMILTITYA0I0 (DIyKTyaliid KOHIIEHTpalii
3a0e3mevye iCHyBaHHS OOMEXEHUX o0yacTei, ae 3’ SABISIEThCS HECTIMKICTh. [IpUCYTHICTH
TaKUX 00JIACTEe HECTIMKOCTI MOXe OyTH omucaHa sSK BUMAIAKOBI (GIyKTyallii iHKpeMEeHTY, 10
XapaKTEePU3YIOThCSI TEBHUM CTAaTUCTHUYHUM PO3MOALIOM. ['OJOBHUW pe3ynbTar Ii€i Teopii
0a3yeTbcsd Ha MPHUMYIICHHI, 10 e(eKTUBHA KIUIbKICTh (UIYKTyallili iHKPEMEHTY JI0CTaTHBO
BEJIMKA JUIS TOTO, 00 MOXHA 0YyJI0 3aCTOCYBATH IICHTPAJIbHY TPAHUYHY TEOpeMy. Y IbOMY
BUMAJKY, SKIIO aMIUTITy[d XBWJIb HE HAATO BEIHMKI 1 HE Iyke Maimi, mo0 MoxHa Oyio
OJIHOYACHO 3HEXTYBATH HEJIHIMHUMH Ta TEIUIOBHUMH e(eKTaMH, pO3MOoaLT Jorapudmy eHeprii
XBHJI Ma€ OyTH TaycCiBCbKUM (HOPMAJIbHIM).

HenaBHe MojentoBaHHS, SKE BKJIIOYA€ EBOJIOLII0 CHCTEMH MY4YOK — JIGHTMIOPIBChKa
XBWIS B HEOJHOPIAHOMY IUIa3MOBOMY (OHI 3 ypaxyBaHHSIM KYTOBOTO PO3CIIOBaHHA Ta
HEJTIHIHHUX XBWJIBOBHX IPOIIECIB, IEMOHCTPYE €BOJIOIII0 IIa3MOBO-TTyYKOBOi CHCTEMHU J0
¢inanpHOI  (asm, sAKy Tnependadae TeOpist  CTOXAaCTMYHOro  3pocTaHHs  [74-75].
BuxopucTtoByroun pi3HI €KCIIEpUMEHTANbHI JlaHi, OTpuMaHi 3 OOpTYy CYMYTHHUKIB, aBTOPH
poGit [10, 60-61, 72-73, 76}liponeMoHCTpyBaIH, IO PO3MOAUIH, SIKI CIIOCTEPIrarOThCs B
MIEeBHIM TOYIII, Ty)Ke€ HAraJaylroTh JJOTHOPMaJIbHI B MEPEBaXKHIM YacTUHI (OPIIOKY. 30KpeMa, B
po6oti [60] Oyno obpano Tpu paxmiomkepena Il Tumy, 3apeectpoBani Ha OOpPTY CymyTHHKA
ISEE-3 8ta 17 motoro 1 11 6epe3nst 1979poky. ABTOpU JOCIHIIAIN JICHTMIOPIBChKI XBHIII,
Kl CYHNpOBO/DKYBAIM Il TOJil, 1 BHSBHJIM, IO iXHI BJIACTMBOCTI 100pe BiJNOBIIAIOTH
pe3yabpTaTaM Teopii CTOXaCTHYHOTO 3pOCTaHHSA. BOHM po3risganu crpolieHUud BapiaHT ITi€i
Teopii A1 XBUIIb 3 MOMIPHUMH aMIUTITYyIaMH, 110 HE BpaXOBY€ HEIiHINHI Ta TEIUIOBI e(eKTH.
s mocuth Benukux moiiB (Oinbmie 3-7 MB/M) 3’ sIBIIIBCs 3aBajl Ha PO3MO/LNI, SIKHI aBTOPH
HOSICHIOBAJIHM TPUXBUIHOBUM PO3IAJIOM JICHTMIOPIBCHKUX XBHJIb HA JICHTMIOPIBCBbKi Ta 10HHO-
3ByKOBi xBuJi [60].
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[Tepmry mepeBipKy Teopii CTOXaCTMYHOTO 3POCTAHHS MJIs JICHTMIOPDIBCBKUX XBUJIb B

enekTpoHHOMY (oprrorii MarHiTochepu 3emimi Oya0 BHKOHaHO B poOoti [72]. ABtopu
anamizyBanu nogiro 1 rpyans 1977 poky, sika cnoctepiranack 3 6opry cynyrHuka ISEE-1,1
BUSIBUJIM, IO SIK Ha MEXi (OpIIOKy, Tak 1 B HOro riaumOMHI pO3MOiI aMIUTITYJ XBUJIb OYyB
norapuMidHO HOPMAILHUM, SKIO BiJAIMOBITHI YacoBi iHTepBaau OyiId HE HAATO BEIUKHMH.
B To¥i cammii yac 3arayibHUE po3MoOia Il Bei€i moxii, sika TpuBana 1 roauny 40 XBWIHH 1
MICTHJIa 1HTEpBaIU SK 3 MaJOI, TaK 1 3 BEJIHMKOK CEPEeIHBOI0 IHTEHCHBHICTIO, JIaBaliu
CHaJHUil CTEMEHEBUI 3aKOH y XBOCTI posmoaiiy [72]. ITisuime B [76] BuBuamucs aBa pisHUX
dbparMeHTH BHUIIE3ralaHol TMOJii, Ie aBTOPH CTBEPKYIOTh, IO IHTEPIpETAIlis PO3MOILTIB
aMIUTITYyId, SIKI CIOCTEpITaloThCsl y COHSYHOMY BITPI Ta Ha MeXl (OPIIOKY MAaIoTh
BpaxOBYBaTH TEIUIOBI XBHJIi. KpiM TOro, creneHeBi XBOCTH PO3MOALIIB, IO CIIOCTEPIranucs
Ha MeEXi (GOPIIOKY JUIsi XBUJIb BEJIMKOI IHTEHCHBHOCTI, MOTJIM OyTH OMKCaHI TEOpIEr0
CTOXAaCTUYHOTO 3pOCTaHHs ©0e3 MPOCTOPOBOTO YCEPEOHEHHS pI3HUX JorapupMidHO-
HOPMaJIbHUX PO3MoaiiiB [76]. AHajoriuHi cTerneHeBi XBOCTH Oy/IM TakoX BHsiBIIeHI B [71], me
OyJio MpoBeJCHO cTaTUCTUYHE AochikeHHs iHTeHcHBHHX (E > 0.5B/M) neHrMropiBCbKHX
XBHJIb, MO CIOCTEPIraaucs B 3eMHOMY (OPIIOI MPOTAroM ImecTH AHiB. ABTopu [71]
BBYKAJIH, IO I1i XBOCTH BUHUKAJIM B PE3YJIbTATI IPOCTOPOBOTO YCEPETHEHHS.

OTtxe, mobmu3y Mexi ¢opiroky [76] Ta mpu ycepeanenni mo obaacti dopioky [71-72;
77] po3IIOiNT BUSIBISIOTECS CTCIICHEBHMH JUTS BETHKUX 3Ha4eHb mouis 3 P(E) ~ E2,

Hemomasao B poGorax [10, 78] Oymo mpencTaBieHO CTATUCTHYHE JTOCIIIHKEHHS
JICHTMIOPIBCbKUX XBWJIb Yy ¢opmoni Ha ocHOBI manux npuinany WBD cymyntukoBoro
npoekty CLUSTER fuB. Hmwkue nyukr 1.5). BuBuanucs moaii 17 motoro 2002poky ta 26
oepesnst 2002poky, 1 He OyJI0 3HAMIEHO MOMITHUX BIIXWJICHb PO3MOILTY aMILTITY/ XBUJIb BiJ
JIOTHOPMAJIBHOTO PO3MOJIUTY, SKHH TepeadadacThCsi CIPOIICHOK TEOPIEId CTOXAaCTHUYHOTO
3pocranHs (auB. puc. 1.3).

30KpeMa, HaBiTh IS XBHJIb 13 JOCHTHh BEIHKUM 3HaueHHIM amiutityad (mo 10mB/m) ne
CIIOCTEpIraBcs «3aBajl» PO3MOALTY, IKUH MIr OU 3’ IBJIATHCS 32 paXyHOK HEJIHIHHUX €(EeKTIB.

OTxe, HEOHOPITHOCTI KOHIIEHTpaIlli MmIa3Mu Oe3MOCEPEIHhO BIUIMBAIOTH HA PO3TOJILIT
IHTEHCUBHOCTI JICHTMIOPIBCHKHX XBWJIb Y 3eMHOMY (hopuiori. @opma po3NOIiTIB 3aIEKHUTh
BiJl Jlama3oHy aMIUTITy[ XBWJIb, SIKI BXOJATH JO CTATUCTUYHOTO aHCAMOJIO, a TaKOX BiJ
MOJIOKEHHS CYIYyTHHMKA 1010 MeXi (opiioky. Bci HOCHiTHUKY Al TOSCHEHHS! OTPUMaHUX
pe3yabTaTiB CIHPAIOThCS HA TEOPII0 CTOXAaCTHYHOTO 3POCTaHHS Ta 3HAXOMATh JEAKY
BiJIOBIAHICTH PO3MOILTIB IOTHOPMAJILHOMY.

1.000 1.000

E Selected Bins of D,

[ -1.0=D=-0.50 N=20849
r -0.50<D=0.0 N=52135
1 _ 0100k 0.0<D<050 N=5071

E E 0.50<Dy<1.0 N=12898

All Values of D,
Weighted Counts = 9168
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Puc. 1.3. I'yctuHa po3moniny IMOBIPHOCTI AaMIUTITYZA JICHTMIOPIBCBKUX XBWJIb 3
BUKOPUCTAHHSIM JIaHUX & —3 PI3HUX TOYOK (DOPIIOKY, O — MpH JIOKATTbHUX BUOIpPKaxX JaHUX 3
neBHoi o0acTi B ¢oproni [10].

KinpkicHui aHami3 BIAXWICHb PO3MOIIIIB BiJl JIOT-HOPMAaJIbHOTO Ta MOPIBHIHHS 3 IHIITUMH
po3mojiaMu  JI0CI HE TPOBENEHO. AHAMI3yBalIMCS EKCIIEPUMEHTaIbHI JaHl 3 JOCHTH
HEBEJMKOI KUIBKOCTI MOJIN, 1 Teopiss CTOXAaCTUYHOTO 3POCTaHHS IMOCTIHHO aJaNTYeThCS 10
HOBUX OCOOJMBOCTEH EKCIIEPUMEHTAIBHUX pPO3MOALTIB. JlOCHiKEHHS BIACTUBOCTEH
aMILTITY]] ICHTMIOPIBCHKUX XBHJIb Y (DOPILIOL TPUBAE JIOCI.
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1.3.HecranionapHicts (pponTty yaapsoi xsuiai 3emuri

[Ipobnema HecTarioHapHOCTI (POHTY yIApHOI XBWII € BaKIMBOIO (PYHIaMEHTAJIHHOIO
npoOaemMoro (Hi3UKHM yIapHUX XBHIIb 0€3 31TKHEHb. BoHa TICHO MOB’ si3aHa 3 IBOMa T'OJIOBHUMH
NUTAHHAMHU B 007acTi (i3MKM IUIa3MHU — MEXaHI3MOM IMPUCKOPEHHS YAaCTHMHOK /10 BHCOKHX
eHepriii [79] Ta 3aneKHICTIO CTPYKTypud (GPOHTY yaapHOl XBHJI Bia il MIBHAKOCTI Ta
napameTpiB Iuiasmu mnepes; ¢pontrom. Llg 3amaua Oyma mocraBieHa Ha CaMOMY MOYATKy
PO3BUTKY (I3UKH yIapHUX XBHJIb 0€3 31TKHEHb, ae micis oibme 40 pokiB JOCIiKEHb BOHA
BCE M€ 3aJUIIAETHCS HEJOCTATHLO 3p03yMLIO0. L{e MOsICHIOEThCSI HEMOBIPHOIO CKIIATHICTIO
EKCIIEPUMEHTAIBHOTO Ta TEOPETHYHOIO aHami3y, sfKi HEOOXIJHO MPOBECTHU I PO3YMIHHS
BCIX MpOIECIB, 0 BiAOyBarOThCs. [3 CydacHMM CTaHOM cIpaB y I o6jacTi JOCHIKEHb
MOYKHa 03HaiOMUTHCH B poboTax [7, 80],a Takox y HemaBHix ornsaax [9, 40-41].

Horenep iHdopmarito mpo pi3HI aCHEKTH HECTaliOHApHOCTI (PPOHTY yaapHOi XBHII
OTPUMYBAJIH, TIEPII 3a BCE, IIISIXOM YHCIOBOTO MOJENOBaHHS. EQEeKTH «MakpoCKOMiYHOI»
HECTAI[IOHAPHOCTi, TOB’S3aHI 3 HU3bKOYACTOTHUMH pPYXaMU Y BEIUKUX MPOCTOPOBUX
MacmTabax, MOXYTh OYTH TOJIJIEHI HAa JBI TPymd — OJHOBUMIpPHY Ta OaraTOBUMIpHY
HECTaIllOHAPHICTb.

EdexkT MoxHa BBa)KaTH OJHOBHUMIPHUM, SIKIIO ICHYE JOCHTh BelIWKa 00JacTh (POHTY
yIapHOI XBWI, /i€ B TOW caMHiH MOMEHT 4Yacy mpodini pi3HMX (I3MUHUX Napamerpis,
BUMIPSIHUX Y HAIIPSIMKY, TIEPICHAUKYISIPHOMY 10 GPOHTY yIapHOI XBHUIIi, BUIBISIOTHCS TYXKE
cxoxuMu. Taki ogHOBUMIpHI e(eKTH, SK HecTalioOHapHICTh Ta nepedopMyBaHHS (PPOHTY,
BIIEPIIIC BUBYAIIMCS YUCIIOBUMH MeToamMHu B [81].

3 iHmoro OOKY, iICHYIOTh CyTO 0araTOBUMIpHI SIBUIA, HATIPUKIIA]], TAK 3BaHA XBUJISCTICTD.
B icuHyrouiit miteparypi TepMmiH <«XBHISACTICTH» (rippling) BHKOPHUCTOBYETHCS UIS OIHUCY
NpUHANMHI ABOX SBUII, SKi MOXXYTh OyTH MPUHIMIIOBO BiAMIHHUMH. 30KpeMa, aBTOPH POOIT
[82-83] mpurmyckaroTh, 1110 XBUISACTICTh — 1€ XBHJICIOAIOHI 0COOIUBOCTI 10HHOTO MacIITady,
SAKI PYXaloTbCs B3JOBXK IOBEpPXHI yaapHOi XBWJ, B TOW Yac, SIK OCOOJUBOCTI, WIO
CIIOCTEpIraanch y MojaeaoBanHi [84], Oynu mocuth HeperyaspHuMu. Hiokde 1ieil ocTaHHiM
epekT HasuBaTUMeEThCs 3MopiikyBaricTio (wrinkling), a tepmin xBuiscticts (rippling)
3aCTOCOBYBAaTUMETHCS IS TIO3HA4YEHHs Tmepmioro. ICHye MOXJIMBICTH  KOMOiHAIii
nepeopMyBaHHS 3 XBHICTICTIO a00 3MOPIIKYBATICTIO, TOOTO mepeopMyBaHHS MOXeE
PO3BUBATUCA K XBWJIS, IO TOMIHPIOETHCS MO MOBEPXHI (POHTY, a0 yTBOPIOBATH JOCHUTH
HEeperyJsipHy CTpykTypy. HecTilikicTb ¢poHTY ymapHOi XBWi, IO JOCTIIKYBaiach Yy
YKCI0BOMY MoJIeTioBaHHi [85] mpu3Boania 10 nepedopMyBaHHS TaAKOTO THITY.

Huxue 06roBoproBaTUMyThCS, B IIEPIIY Yepry, caMe XBUJISICTICTh Ta 3MOPIIKYBATICTb.

XBUISICTICTS (PPOHTY ymapHOI XBWIII cHocTepiragach y poOoti [82] y aBoBuMipHOMY
riOpuIHOMY MOJIETIOBaHHI, Jie OyJ0 YiTKO BUAHO XBUJIETIOAIOHI 30ypeHHS! MarHiTHOTO TOJIS
Ta KoHIeHTtpaiii. [{i cTpykTypu pyxamucs B3IOBX MOBEPXHI YAapHOI XBWJI 31 HIBUIKICTIO
0.3Va, manu xapaktepHuil posmip 6ins 5C/wpi 1 wactoty 0.4wgi, ne VA — anbBeHIBCbKa
IIBUAKICTh, C — MIBUIKICTH CBITJA, Wpi — MPOTOHHA IUIA3MOBA 4acTOTa, (pj — MPOTOHHA
IIUKJIOTPOHHA YacToTa (SKIIO HE BKAa3aHO CIEIIabHO, TO BCI XapaKTepHI MIBHAKOCTI 1
MacmTabu 3a3HAYal0THCS IS ITapaMeTpiB mIa3Mu mepea GPoHTOM yaapHoi XBuii). 30ypeHHs
31 CXOKHMMH MacuITabaMu OyJio 3HAWJCHO y JBO- Ta TPUBHMIPHOMY MojeiroBaHHiI [84], ne
BHUBYABCS BIUIMB KIJTLKOCTI BUMIPIB Y MOJENI Ha aMIUTITYu 30ypeHb, aje HE aHaTi3yBaBCS
ixHill pyx. Bapro 3a3HaunTH, 1110 30ypeHHSs, SKi CIOCTEpiraluch y MojentoBanHi [84], Oymu
O1TBIII XAOTHYHUMH, Hi’K OTpuMaHi B [82], 1 HEBHOPSAKOBAHICTh Y TPUBUMIPHOMY BHITAIKY
BUSIBUJIACS 3HAYHO OUTBIIOI0, HIK Y ABOBUMIPHOMY.

[TizHime 0y10 BUKOHAHO MOJICTIOBAHHS XBUJISICTOCTI JJI aHATI3y po0eM IHTeprpeTarlii
0araToTOYKOBHUX BHMiproBaHb [86]. Ane pe3yibTaTH JHIIE OAHOTO TOCHTIPKCHHS HE MOXKHA
BBOKATH TEPEKOHJIMBUM JOKAa30M Ha KOPHUCTh XBWJICTOCTI (D)poHTY ymapHOi xBuii. Kpim
TOro, 6arato MUTaHb BCE M€ 3aJUIIAIOTHCS BIIKPUTUMHU. 30KpeMa, HE 3pO3yMLUIO, Y MOXKHA
XBHIIACTICTH Ta/ab0 3MOPIIKYBATICTh BBaKATH THITOBOIO OCOOIUBICTIO (POHTY yaapHOI XBHUITI
3eMIi 1 SIK BOHA 3aJISKUTh BiJl MapaMeTpiB IJIa3MHU Ta yJapHOi XBHIIL.
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Hoci icHye nume JeKijgbKa eKCIepUMEHTAIbHUX JOCHIHKEHb HeCTalllOHapHOCTI
(GpoHTY ymapHOi XBUJIl Y KOCMIUHIN Ta B JabopatopHii mia3mi. [lepmmii oqHo3HaYHUN TOKa3
HECTAI[IOHAPHOCT1 ydapHOi XBWII OyB OTpUMaHMi y 1a0OpaTOPHUX EKCIIEPHUMEHTaX Y
IUTa3MOBIN aepoavHaMiuHii TpyOi [87]. ABTOpH BHSABWIM, IO yAapHA XBHJIS 3 BHCOKHM
yuciioM Maxa OCHHUIIIOE 3 YaCTOTO, OJU3BKOI0 J0 MPOTOHHOI ITUKJIOTPOHHOT YaCTOTH TEpe.
dporTom xBuii. Y poboti [88] moBigoMIsIETBCS MPO HU3BKOYACTOTHI KOJMBAHHS 10HHOTO
NOTOKY B yraapHiid xBumi 3emi. [Ti3nime aBropu [89] crioctepiranu cxoxe sBUIIC B yIapHIil
XBWJI YpaHy.

BrumiB HecramioHapHOCTI GpOHTY Ha (YHKIIIO PO3MOALTY i0HIB 00roBoprotoThes B [90].
VY poborax [91-92] npencTaBieHo pe3yabTaTH aHali3y BHMIpiB MarHiTHOTO TOJsS Ha OOpTy
cynyTtHukiB IIpornos3-8 ta IlporHo3-10 ans kiIbKOX HepeTHHIB (POHTY YAApPHOI XBUI 1
00TOBOPIOETHCS POJIb HETMIHIMHMX BICTIEPIB y HecTarioHapHocTi ¢GpoHTy. [li3Hime aBTOpH
[93-94] ananizyBanu crioctepeskerHst cynyTHHKIB [Iporuos3-101 AMPTE Ta nmiatBep i, mo
NepeBaXHa KUTbKICTh HHU3bKOYACTOTHHX KOJIMBaHb Yy QPOHTI YAapHOi XBWII 3eMii €
BicTIepaMu. AMIUTITYIH IUX XBWIb € JOCUTh BHUCOKHMH, 1 iX HE MOXHA TOSCHUTHU
HECTIWKICTIO 32 PaxyHOK BimOMTHX ioHiB. Lli XBWII mIBUAIIE MOXHA BBA)KATH CIEMEHTOM,
NpUTAMaHHUM CTPYKTYpi (pPOHTY yHapHOI XBWII 1 BUKIMKAaHUM IIpOLIECAMM HENiHIHHOI
MmakpoauHamiku ¢pporrty [91, 93, 95].

B [96] mpencraBieHO CHOCTEPEKEHHS KBA3iMEPIECHIUKYIIPHOT yOapHOi XBHII, SIKY
nepetuHanu kocMmiyHi amapatu APMTE-UKS ta AMPTE-IRM, sxi oTpumanu CyTTEBO
BiZIMiHHI po(ii cTpuOKa mapaMeTpiB B yIapHiid XBuIi. BukopucTaBimm gaHi Mi>XHapOIHOTO
cynyraukoBoro npoekty CLUSTER (B migposnin 1.5), aBropu [6] 3Haiinumd mpukiagud
JIeSIKUX TMPOSIBIB HECTAllIOHAPHOCTI yaapHOi xBuii. Tak, aMriiTyaa (iaykTyamnii MarHiTHOTO
notst ocsirasia ~10 HT, 0 CIPUYHMHSIIO CIIOCTEPEKEHHSI CYTTEBO PI3HUX MPODUIIB PI3HUMHU
CyIyTHUKaMu. Byso mokaszaHo, 1mo mi Gaykryarii 3ymuHII0THCS epesl CTPUOKOM MapaMeTpiB
B yIapHI{ XBWII 1 HE PYHHYIOTh CTPYKTYpY (PpoHTY. 3 iHIIOTO OOKY, aBTOPH HE BiJIKHIAIOTh
MOYJIMBOCTI, 0 (iayKTyamii MOXYTh OyTH O3HAaKaM{ HECTalliOHApHOTO MepedopMyBaHHS
ymapHoi xBwmi. [lepmn mepexoHNHBI JTI0Ka3u Ha KOPHUCTh pedopmyBaHHS (POHTY yAapHOI
XBHJII IIPEJCTaBICH] B poOOTi [7].

VY pob6oti [12] Brepie criocTepiraBes iHIMHE MPOSIB HECTAI[IOHAPHOCTI (PPOHTY YAapHOI
XBWII — XBHJIICTICTh. ABTOpU IpOAHATI3yBaJld OJWHOYHY MO0 TPHUBATICTIO OJIM3BKO
roaun, ma dac sxkoi cynytHuk CLUSTER (B migposmin 1.5) «rotukaBes» 10 yaapHOl
xBwIi 1 1Biuil i meperHyB mpotsroMm npubnuzno 10 xB. Llg ymapHa xBuns Oyna maibke
NEePICHINKYISPHOO, 3 BUCOKUM 3HAYCHHSIM TapaMeTpa f Ta unucioM Maxa (3 uuciom Maxa
it mBuakol Momu Mg = 11). ABropu [12] cTBepKYIOTH, IO CIIOCTEPEIKYBaHI KOJHUBAHHS
MarHiTHOTO TOJIS Ta KOHIEHTpAIl] TIa3MU BCepeArHI (PPOHTY MOXKHA IHTEPIPETYBATH SIK
XBUJIIO, M0 PYXAETHCS B3MIOBXK MOBEPXHI ynapHoi xBuii. [IIBUAKICTE MOIMpPEHHS i€l XBHII
Oyna HaueOTO crpsiMoBaHa 1mix roctpuM KyToM (< 40°) 10 HaMPSAMKY MarHiTHOTO TOJIS TIEpeT
dponTOoM 1 KonmBanacs Bix 2 10 4 Vag (80-160km/c), ne Vaq — albBEHIBChKA MIBHIKICTD 32
bpoHTOM ymapHOi XBHJIi. 3rifgHo o1iHoK [12], moBxkuHa XxBui Oyiaa mopsaky 1000-2000m.

TakuM 4YHHOM, HECTAllIOHAPHICTh YOAapHOI XBWJII 3eMiIl CKJIATHO JIOCIHIIKYBaTH
eKCIICPUMEHTAIIBHO, 1 IOTENEep ONMUCaHI JIMIIEe OJAWHUYHI MOii. AKTUBHO BEJIEThCS BUBUYCHHS
HECTAI[IOHAPHOCTI UIIXOM YHCIOBOT0 MojeIoBaHHs. OHAK pe3yabTaTH, OTPUMaHi Pi3HUMHU
aBTOpaMH TPHU PI3HUX MapaMeTpax, Ay>Ke BIIPI3HIIOTHCS, 1 TOCTIKEHHS B IbOMY HAMPSIMKY
IPOIOBXKYIOTHCS.

1.4. 30yn:keHHs1 €JIeKTPOMATHITHOIO BHIIPOMIiHIOBAHHSI HA (PPOHTI MIiKIJIAHETHOI
YAApPHOI XBWJIi

Y KOCMIYHOMY TPOCTOpPI B MeXaX COHSYHOI CHCTEMH, OKpPIM IUTAHETApHHUX YAapHUX
XBUWIb, SIKI (OPMYIOTHCS NMPU OOTIKAHHI MArHITHUX TOJIB IJIAHET COHSYHUM BiTPOM, i1CHYIOTb
TaKOX MDKIUIAHETHI ynapHi XBuJi. BoHM MOXyTh (HOpMYyBaTHCh y COHSYHOMY BiTpi, KOJHU
sgKach WOro yacTWHA pyXaeTbcs mBHAmIe Bif iHmMUX. IloTik wactuHOK Bix CoHLA MoOXe
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MPUCKOPUTHCS, HAMPHUKIAJ, MPU BUKUJAX 3 HHOTO KOPOHAIBHOI PEUOBUMHU. 3YIMUHUMOCS
OlTBII JIeTaTbHO HA OMKCI OJHIE€T 3 MDKIUIAHETHUX YIAapHUX XBHJIb, fKa CIOCTEpiramsacs
cynyraukamu CLUSTER.

VY nepiox wacy mixk 20:00 UT 19ciuns 2004 poky ta 10:00 UT 20ciuna 2004 poky Ha
Conmi BigOynmocs aekinbka TOTyxHHX cranaxiB [14]. Ilicns miei momii cmoctepirainocs
MOMITHE 3MEHIIIeHHs akTUBHOCTI COHIIS Y BIAMOBIAHIN 00acTi. Y 4aCTHUHI COHSAYHOTO BITPY,
omu3pkiid 1o 3emni, 22 ciuna 2004 poky crnoctepirajacs NOTYKHa MiXIUIaHETHA yIapHa
XBWIsA. Y TMOJaAIbII IIICTh JHIB HE CIHOCTEPITAJIOCh KOJHOI 1HINOI ymapHOi XBWI Y
coHssuHoMy BiTpi. lle nae MOXIUBICTh ONHO3HAYHO TIOB'S3aTH II0 yIapHY XBWIIO 3
BIIIOBITHUMHY criasiaxaMu Ha CoHIIl.

[Mory:xxna mixrutanetHa ynapHa xBwit 22 ciyns 2004 poxy yTBopuiacs BHACIHiOK
Bukuay kopoHansHoi Macu 3 Conns 20 ciuas 2004poky [14]. [Tix yac BUKHIIB KOPOHAITEHOT
pedoBrHU yacThHA 1ua3Mu COHIS BUKUAAETHCS Y COHSYHUH BITEp 31 CKIIAJOM Ta HAPSIMKOM
MargiTHOTO MOJs, SIKI BHU3HAYAIOTHCS BJIIACTUBOCTIMH BIamoBigHol oOmacti Ha CoHI.
JeranbHuii aHami3 3B’ 13Ky crajaxiB Ha COHII Ta BIJAMOBIHOI yAapHOi XBHJII MOXHA 3HAHUTH B
[14].

Cynyrauku CLUSTER fuB. onuc y migpo3aini 1.5)cnocrepiranu npoxomkeHHs GpoHTY
xBuii Outg 01:35 UT 22ciuns 2004 poxy. CynmyTHUKHM 3HAXOIWIMCS HA BiJCTaHI IPUOINU3HO
200 kM ommH Big omHoro. llporo Oyno nocTaTHRO AN TOTrO, MO0 OIIHUTH OCHOBHI
MpoCTOpOBl TmapameTpu XxBwii. Hampsmok Hopmani A0 (QpoHTY BH3HAYaBCS BEKTOPOM
n=(0.91, — 0.31, — 0.29) GSkxwii yrBoptoBaB Kyt 25°3 minieto Conre-3emis. [IBuakicTh
yaapHOi XBHJII B3IOBXK HopMmaimi ckiagana Vi = 740km/c. VYnmapua xBuisg Oyia
KBazinepneHauKyasipHoo (fgy = 80°) Ta HAAKPUTHUYHOK 3 AIbBCHIBCHKMM YHCIOM Maxa
Ma = 5.6.

JliarpamMu 4acoBOi €BOJIOLIi MapaMeTpiB IUIa3MU IMPH MPOXOPKEHHI CYNYTHHKIB depe3
00J1acTh MDKIIJIAHETHOT yIapHO1 XBHJII 300pakeHo Ha puc. 1.4.

40
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oh 2n 4h g" gn igr 12n
January 22 2004  Universal Time
Puc. 1.4. Jlani cynyruukiB CLUSTER: ionna konunenrpamis (mpuwiag CIS-HIA),
IIBH/IKICTH OCHOBHOTO ITOTOKY; BEKTOp MarHitHOro moJjs (npuiaag FGM) [14].
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BumiproBaHHS TakKOoX IMOKa3ajdd 3POCTAaHHS KOHIICHTpAIl PEISITUBICTCHKUX EIEKTPOHIB
(mo 300 keB) B okomi ¢ponty xBumi [15]. Kpim Toro, ¢poHT XBWIi CyNpOBOIKYBaBCS
IOTYXKHUM €JICKTPOMArHiTHUM BUIIPOMiHIOBaHHSM Ha 9acToTi > 1.4fye Ile BunpomintoBaHHS
MOXe OyTH aBpOpaJIbHUM KiJIOMETPOBUM BHUIIPOMIHIOBAHHSM, aje HOro IiJBHIICHA
IHTEHCUBHICT, B OKOJI yJAapHOI XBHJII JO3BOJIIE TPHUITYCTUTH, IO IEAKHUH BHECOK [0
3arajibHOi 1HTEHCHBHOCTI MOXXE pPOOMTH TepexiJHe BHUIPOMIHIOBAHHS PEISATHBICTCHKUX
eJIeKTpOHIB Ha (ponTi [15].

[Toxo/KeHHsI eNeKTPOHIB BHCOKUX eHepriii Moske Oytu pisHuM. llo-mepiue, enekTpoHu
Mornu mpuidtH 3 CoHIS pa3oM i3 yZapHOIO XBWIEIO, IO-Apyre, BOHH MOTTH OyTH
NPUCKOPEHUMH YAAapHOIO XBWJIEIO 3emili, abo, BIacHE, CHOCTEPEKYBAHOIO MIKIUIAHETHOIO
yIApHOIO XBWJICIO0. Y TEpUIOMY BHIAIKY C€IEKTPOHH PYXalOThCsA y OJHOMY HANpsIMKY 3
ynapHoro xBuiiero Bix CoHIl 0 3emili, a B IpyroMy HaBIIAKW HA3ycTpid XBWII, Bia 3emiti 10
Courgl.

Jns Toro, mo0 MepeBipUTH TilmOTe3y, M0 Y BHUMIPIOBAaHHAX MAIMCHO CIIOCTEPIraeThes
nepexiJiHe BUIIPOMIHIOBaHHS, HEOOXITHO 3pOOUTH BIAMOBIIHUNA TCOPETUUHUN PO3PaXYHOK.
Taxuii po3paxyHOK HaBeleHUH y po3aiii 4 nuceprarii.

1.5.baratocynyrHukoBuii npoekt CLUSTER

B opurinanbHHX po3aiiax JaucepTaimii MpPOBOIUTHCS aHali3 Ta o00poOKka JaHUX
BumiproBanb cynyTHUKiB nmpoekty CLUSTERII (mami mpocto CLUSTER). CLUSTER -tie
npoekT €Bporneiicbkoro Kocmiunoro Arenrcrsa (ESA), B pamkax sikoro BaiTky 2000 poky
Oynu 3amymieHi Ha opOiTy yotupu cynmyTHHKH [5]. TpaekTopis CymyTHHKIB A€ MOKIMBICTD
JOCIIJKYBAaTH pi3HI obnacti marHiTochepu 3eMil Ta YacTUHY COHSYHOTO BITpY THepen
dbpoHTOM ymapHoi xBuji. KoXeH 13 CyITyTHUKIB Ma€ iIcHTUYHE 00IaIHAHHS, SIKE CKJIaIa€ThCs
3 11 BumiproBanbHUX TpmiafiB. CynmyTHUKH 3HAXOAATHCS Yy BEpIIMHAX TeTpaeapy. Taka
KoH(piryparrisi opOIT AO3BOJISIE PO3AUIATH MPOCTOPOBI Ta YacoBi Bapiallii (Gi3WYHUX BEIUUYHH.
Ha MoMeHT 3amycky BificTaHb MK CYNyTHHKaMu Oyja JIMIIE KiJbKa COT€Hb KUIOMETpiB. 3
TOTO Yacy B3a€EMHE PO3TAIlyBaHHS CYMYyTHUKIB Oe3MepepBHO 3MIHIOBAJIOCS, 1 BIJICTaHb MIXK
nesikumu cynmyTHuKamu iHogi csirana 10000km. Takum 4yuHOM, Yy Pi3HI POKH CIIOCTEPEKECHD
MO>KHa OyJI0 JOCIIKYBATH SBUINA, K1 MAIOTh Jy>Ke Pi3HI MPOCTOPOBI MaCIITA0H.

Jns BceGIYHOrO BUBYEHHS SBUIN Y MarHirocdepi 3emuli, rojoBHIA yaapHiil XBWiIi Ta
COHSYHOMY BITpI Ha CYIYTHUKAaxX BCTAHOBJICHI MPWJIAAH, SKI BUMIPIOIOTH €JIEKTPUYHE Ta
MarHiTHE TMOJie, KOHIIEHTPAIif0, PO3MOMIT YAaCTUHOK 3a CHEPrisIMH Ta IHIII MapameTpu
wia3mu. Hanpukitazn, maraitomerp FGM [97] 3a0e3medye BUMipu BEKTOpa MarHiTHOT'O IOJIS B
obmacti yokamizanii cynytHukiB (muB. posmin 2), a npwiagu CIS, PEACErta RAPID
BUMIPIOIOTh PI3HUMH METOJAaMH, B PI3HHUX Jiama3oHax Ta 3 PI3HOI METOK PO3IOIIIH
YaCTUHOK 32 EHEPTisiMH.

[Tpunagu EFW, STAFF, WHISPER, WBD@a DWP yTBOpIoroTh Tak 3BaHUN KOHCOPIIYM
xBWIbOBOTO ekcriepumenty (Wave Experiment Consortium — WEC) [98lpunan EFW [99]
Oys0 po3po0JeHO JUIsi BUMIPIOBAHHS IIBHIKUX IPOCTOPOBHX Ta YaCOBUX 3MiH BEKTOpa
eslekTpuyHOro noist. KpiMm Toro, BiH Moxe (piKCyBaTH MOTEHIlia)l CYIMyTHHKA, KOHIICHTPALIIIO
ta Temreparypy enekrponi. [Tpunax STAFF [100]sBasie coboro moeaHaHHs 1HIYKIIHHOTO
MarHeToMeTpa Ta aHalli3aTopa CIEKTPY €JIeKTPUYHUX KOJMBaHb y AiamazoHi 1o 4 xl'm. Ile
JI03BOJISIE  BU3HAYUTH (GOpMY, JOKaIbHY KOHIIEHTpAIil0 Ta pyX JApiOHOMacmTabHHX
dbopMyBaHb, Ta BH3HAYHUTU JHKEPENO TUIA3MOBHX XBHJIb Ta TypOYIeHTHOCTI. J[is B3aeMHOI
KOOpPJIMHAIIT BUMIpPIOBaHb, MOMEPEIHbOI OOpOOKM JaHWUX Ha OOpTax, KOHTPOJIO PEKUMIB
pobotu mpuianiB Ta nakyBaHHs iHopmanii 10 kommiekcy WEC Oyno n1ogaHo iHCTpyMEHT
DWP [101].

3ynunumocs poknanHine Ha npuwiagax WHISPERTa WBD, ockinbku B opuriHalbHIN
yacTuHi auceprariii (po3ainu 2-4) IpoBOJUTHCS aHai3 JaHUX 3 IUX MPHJIaIiB.
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Heranpauii onuc npunaxy WBD (mrmpokocmyroBe JOCHIPKEHHS TUIa3MOBHUX XBHIIb —
Wide-BanD plasma wave investigatiom);xua 3uaiiti B pooori [102]. Lleit mpuiaa BuMiproe
EJIEKTPUYHE M0JIe TBOMA C(HEepUIHIMH CEHCOpPAMHU, SIKi 3HAXOIATHCS Ha KIHIX CYMyTHUKOBUX
AaHTEH KOKHA JTOBXKWHOIO 44 M. BuMipsiHi KOJUBaHHS €JICKTPUYHOIO TOJIS MPOXOAATH Yepe3
¢ineTp 31 cmyroto mnpomyckanHa 1-77xl1, a moTiM OHUQPOBYIOTBCA 3 YACTOTOIO
nuckpern3anii 220 k['m. 3 OopTy cymyTHUKa Il JaHl TMEpefaroThbCs Yy BHTJSAIAI OJIOKIB
tpuBaiictio 10 mc. ¥V koxHOMy 610111 MicTuThess 21803Ha4eHb eneKTpuuHOro nojs. Takuii
0JIOK TaHuX BUMIpIOEThCs uepe3 KoxkHl 80 Mc. [Ipukiman TUITOBUX KOJWBAJILHUX CUTHAMTIB, K1
crnoctepiratotbes npuitagoM WBD y ¢oproni marnitocdepu 3emii, HaBeneHo Ha puc. 1.5.
OTpumaHi BUMIpH MOXKHA 00pOOJISITH Ha 3eMJyIi Ta OOMpaTH MOTPiOHI YacOBY Ta YaCTOTHY
PO3AUIBHI 3IaTHOCTI, SIKi MOB’sI3aHI MPUHIUIIOM HeBH3HaueHOCTI A®At ~ 1. Takum uuHOM,
JTaH1 MpUJIay MOKHA BUKOPUCTOBYBATH ISl BUBUEHHS XBHJILOBUX IPOIECIB, AKI BUMAraloTh
BHCOKOT YacOBO-4aCTOTHOI PO3MiIBHOI 3maTHOCTI. Taki maHi HEOOXigHI, HANPUKIAM, TPU
JIOCIIIJDKEHHI ~ aBpOPAJIbHOTO  KUIOMETPOBOTO  BUIIPOMIHIOBaHHS, BICTJIPHHUX  XOpiB,
ABPOPAIILHOTO  IIUMIHHS, EJICKTPOCTATHYHUX 10OHHO-IUKJIOTPOHHUX Ta  EJIEKTPOHHO-
[UKJIOTPOHHUX XBWJIb. Y PO3iii 2 qucepTarlii BUKOPUCTOBYIOThCs naHi npuiaxy WBD st
CTaTUCTHYHOTO aHAJi3y aMIUTITY]l JICHTMIOPIBCBKUX XBWJIb Y (DOPIIIOLTI.
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Puc. 1.5. TunoBuii Burisg ¢opmMu XBWIb, SIKI criocTepiraiotbes npuiagom WBD y
dopiomi maraitochepu 3emii [103].

Boumosuii mpunax WHISPER [104] Bukonye nBi ocHoBHi ¢(yHkiii. Ilo-mepme, sk
PE30HAHCHUI 30H], Y aKTUBHOMY PEXHMIi BiH BUMIPIOE €JIEKTPOHHY KOHILIEHTPAIIO MJIa3MHU.
st iboro 30y/KYEThCSl XBHJIBOBA aKTUBHICTH IJIA3MH 1 IETEKTYIOTHCS JIOKAJIbHI TUIa3MOBI
pe3onancu. [lo-apyre, B MaCMBHOMY PEXHMi CIOCTepEKeHb (PeKUMI MpHUiiMaya) HpuiIaz
WHISPER otpumye mnpupoanuii (ITaCHBHHUi) CHEKTP €ACKTPUYHOTO IOJISI B YaCTOTHOMY
nianasoHi 2-80kxI'1 Ta mOBHy eHepriio curHany Epow OTpUMaHy 3 HAaKONMYEHHUX BHMIpIB
€JIIEKTPUYHOTO TOJIsA. SIK CHEKTp, Tak i MOBHA SHEPTis EJIEKTPUYHOTO MOJS BUMIPIOIOTHCS
KoxkHI 13Mc, ane BHACHIIOK 0OMeXeHb CUCTEMH Tepeadi JTaHuX, Ha 3eMITI0 MepeaarThCs
auime ycepenHeHi BenuuMHU. KOXKEH CHIEeKTp OTpUMYIOTH 32 JIOTIOMOTOK  IIBHIKOTO
nepeTBopeHHss Dyp’'e BUMIPSHOTO ENEKTPUYHOTO IMOJST 3 TOJAIBIIUM YCEpEeAHCHHSIM Ha
Oopty cynyTtHHKa. {7 CHEKTpy B HOPMAJIBHOMY PEXKHUMI Iepefadl JaHUX JTOCSATAEThCS
yacoBa po3liibHA 374aTHICTH 2.13c, a B pexkuMi 3 OUIBIIOI YacTOTOIO BUOIPKU pO3AiLTIbHA
3aatHICT Moxke csarati 0.32c¢. [l noBHOT eHeprii Epow pO3ALIBHI 31aTHOCTI B LIUX PEKUMAX
ckianaoTs BimnoBigHO 213vcek Ta 13vcek [104]. [lns BUMIiprOBaHb HaNpPyXEHOCTI
enexktpuydoro monss WHISPER BukopucroBye naBi chepuuni antenu mnpuiaxy EFW.
Bincrans Mixk aHTeHamMu ckiagae 88 meTpiB. Y aucepTallii BAKOPUCTOBYIOThCS JIMIIE JaHi,
OTpUMaH1 B TaCUBHOMY PEXUMi pOOOTH TIPHIIALTY.
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1.6.BucHoBKH 10 po3aiay 1

SIK BUIUIMBAE 3 OMJIANY JIITEPATypH, MUTAHHA PO XBHJILOBI MPOLECH B OKOJI yAapHUX
XBWJIb y KOCMIYHIH IJIa3Mi 3apa3 aKTUBHO BHUBYAIOTHCS. ICHYE BelMKe po3MaiTTs XBHIbOBUX
npoIeciB, OOYMOBJICHHMX B3a€MOJIIEI0 EJIEKTPOHIB BHCOKMX €HEPrii 3 IUIAa3MOBHMHU
HEOJHOPITHOCTAMHU y (opiIiokax Ta Ha (POHTAX MDKIUIAHETHUX Ta TUIAHETAPHHUX YIapHUX
XBWIb Y KOCMIYHOMY TpocTopi. HeoaHOpiqHOCTI m1a3Mu CYTTEBO BIUIMBAIOTH Ha BIACTUBOCTI
[IUX XBWJIBOBHX MporieciB. [le MoxyTh OyTH sk 3BHYaiiHi QurykTyarlii KOHIIEHTpaIii, TaK i
BeJIMKOMAcIITaOH1 pi3Ki CTPHOKH MapaMeTpiB IUIa3MU Ha (POHTAX yJApHUX XBHIIb, a TAaKOX
BJIACHE XBWIACTICTh (PPOHTY yHapHUX XBWIb SK TPOSB IXHBOI HECTAI[IOHAPHOCTI.
JlocmiKeHHsT MX MHUTaHb BUMArae BEJIMKOi KUIBKOCTI €KCHEPUMETHAIbHUX CIIOCTEPEKEHB,
BUKOPUCTAHHS TEOPETUYHUX PO3PAXYHKIB Ta 3aCTOCYBAHHS YHCIOBUX METO/IIB.

Binnosini Ha Hinuil psg MUTaHE MOXKHA OTPUMATH IIJISIXOM aHANi3y pe3yibTaTiB OCTaHHIX
BUMIpIOBaHb KoMmiuiekcy cynyTHukiB CLUSTER, sxuit Hamae yHIKaJIbHY MOKJIUBICTD
EKCIEPUMEHTAIBHOTO JOCHIHKEHHS! XBHJIBOBHUX SIBUI Y MarHitochepi 3emii Ta COHIYHOMY
BITpI in Situ. Lle# mpoekT Mae Ha METi BIAMOBICTH HA BEJIMKY KiIbKICTh HEBUPIIICHUX MTUTAHb
y (i3umi kocmiunoro nmpocropy B COHSUHIN CHCTEM.

Cepen noci He3' IcCOBaHUX MUTaHb MOKHA BUIUIUTH TaKi.

1. ®i3uyHi sSBUIIA, K1 BU3HAYAIOTH CTATUCTUYHUN PO3MOILT aMILTITY]] JICHTMIOPIBCHKHUX
XBWJIb Y (hopIroni yaapHoi XBuiIi 3emili, 10C1 3aJIMIIAI0THC HE3pO3yMUIUMH. [CHytoua Teopis
CTOXAaCTUYHOT'O 3pPOCTaHHS 0a3yeThCsl Ha MPUITYLICHHI MPO MPOXOHKEHHS JICHTMIOPIBCHKOIO
XBUJICIO BEJIMKOI KUTBKOCTI oOnacTel 3 mojaTHIM 1HKpeMeHTOM. He3Bakaroum Ha Te, IO
HOPIBHSAHHS PE3yJbTATIB L€l TEOPii 3 eKCIIEPUMEHTOM MOKa3yIOTh HEMOraHy BiINOBIIHICTb,
HE MOXHa OyTH 0 KiHIIM BIIEBHEHUM Y ii CripaBeMIMBOCTI. Tak, B ICHYIOUHMX JOCIIIKEHHSIX
[10, 72-73, 76BinxuineHHs pO3NOALIIB IHTEHCHBHOCTEH BiJI JIOT-HOPMAJIBHOTO TPOBOIUIIUCS
JUIIe Ha SKICHOMY pIiBHI 1 TOSCHIOBAJIUCS TEIJIOBUMH XBUJSIMA B 00JIaCTI MaJluX
IHTEHCUBHOCTEH 1 HeNmiHIWHUMU edekTamMu Ui BEJIMKWX IHTeHCHMBHOCTeW. Hacmpasmi
BIIXWJICHHS BiJ] JIOT-HOPMAJBHOTO PO3MOJLIY CIHOCTEpIraloThCsl #W y  JAlama3oHax
IHTEHCUBHOCTEH, /I HeMiHIMHI Ta TETUIOB1 eeKkTr He poOIIATh TOMITHOTO BHECKY. KinbkicHui
aHaji3 [HMX pPO30DKHOCTEW Ta NPUYMHH IXHHOTO BHHUKHEHHS JIOCI 3aJIMIIAIOTHCS
He3' ICOBAHUMM.

2. TlposiBu HecTarioHapHOCTI (POHTY yAAapHOI XBWJII y)KE€ CKJIAAHO CIOCTEpiraTH y
peampHOMY ekcrniepuMeHTi. [lepeBakHa dYacTHMHA JI0Ka3iB HAa KOPHCTh HECTAlllOHapTOCTI
(GpoHTY OTpHMaHa METOAOM YHCIOBOTO MOCIIOBaHHS, a OT)KE MOXE IyXe CHIBHO
BIZIPI3HATUCS BiJ peasibHOro cTaHy crpaB. KpiM Toro, HecTauioHapHiCTh, OTpUMaHa B
pe3yapTaTi MOJENIOBAaHHS, Ma€ pPi3HI BIACTUBOCTI y PIZHUX JTOCHIDKEHHAX. ICHYyroUl
JOCTIPKEHHS €KCIIEPUMEHTATBHUX JaHUX HE MAIOTh JOCTATHBOI CTATUCTUYHOI BHOIpKH, 1100
13 BIICBHEHICTIO TOBOPUTH PO TUIIOBI BIACTHUBOCTI HECTAIIOHAPHOCTI (PPOHTY yaapHOI XBUII1
3emui. [lutaHHS mpo peanbHE ICHYBaHHS HECTalllOHApPHOCTI (PPOHTY XBWIII Ta ii THIOBI
napameTpH 1 10C1 3aJTUIIAETHCS BITKPUTHM.

3. CraTUCTUYHE OCII/KEHHS MPOSBIB MEPEXiTHOT0 BUIPOMIHIOBAHHS PENSTHBICTCHKUX
CJIIEKTPOHIB Ha (POHTAX MDKIUIAHETHUX YIAPHHUX XBWJIb YK€ BAXKKO BHKOHATH 3a
nornomororo camux jume naHux cynytHukiB CLUSTER.Cnpasa B ToMy, 10 yaapHa XBUJIS
22 ciuast 2004 poky [14] Oyna nyxe motyxHOo (Ma ~ 5.6), 1m0 @ 103BOJISE€ MPUITYCTUTH
MOYJIMBICTh TEPEXiJHOTO BUIIPOMiHIOBaHHS Ha 11 ¢poHTi. IlepeBakHa KIIBKICTh yZapHHUX
XBUJIb Y COHSAYHOMY BITpi CYTT€BO cliabmiae mpu HaOmmkeHH1 10 3emuti. OTxe, CymyTHUKA
CLUSTER, saxi pociikytoTh aume Onu3bKy 10 3emii 00JacTh COHSYHOTO BITPY, B OKOJI
(GPOHTIB MIKIUTAHETHHX YJAPHUX XBUJIb CIIOCTEPIraroTh Moai0HI eheKTH Tyke piako. Takum
YUHOM, JIS JOCTIKEHHS MOXKIIMBOCTI TMEPEXiJTHOTO BHUIPOMIHIOBAHHS PENATUBICTCHKUX
€JICKTPOHIB TIPH TMepeTuHi (POHTY ymapHOi XBWI 3eMji HEOOXiTHO 3pOOMTH TEOPETUUHHUI
PO3paxyHOK, 3 ypaxyBaHHAM pealbHUX napaMeTpiB noii 22 ciuns 2004poky.
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CHAPITRE 2/ PO3A1JI 2

IJIA3SMOBO-IIYYKOBA B3AEMO/IS Y BUIIAIKOBO-HEOJHOPITHIN
IIVTA3MI TA CTATUCTHYHI BJJACTUBOCTI JIEHI'MIOPIBCBKUX XBHJIb
MAJIOI AMILIITYJIA B COHAYHOMY BITPI TA EJJEKTPOHHOMY ®OPHIOII

HeszBaxaroun Ha Te, 0 JOCTIKEHHS PO3MOJILTIB JorapudMiB eHepriil IEHrMIOPIBCHKUX
XBWJIb y (opuiorni BeAyThCS JOCUTH JaBHO, HE Oyso crnpod iX HaOIMKEHHS PO3MOJIiJIaMHU,
BIIMIHHMMH BiJl HOpMaJIbHUX. SIK BHUIUIMBa€e 3 NyHKTY 1.4 ormsany JitTeparypH, paHilie
BUBYAJIMCA TakKi OCOOJMBOCTI, SIK CTENEHEBl XBOCTH Ta 3aBajd s BEJIUKHX aMIUTITYII,
NOB’ si3aHi 3 HeniHiiHUMU eekramu. OfHAK aHadi3 eKCIIEPUMEHTAIbHUX PO3MOALUIIB XBUIIb
CEepeNHIX €HEePTid, M SKUX BIJCYTHI HENIHIWHI SBUINA, BiIOYBABCS JUIIEC 3 TOYKH 30pYy iX
npuOim3HOi  JOTHOpMaibHOCTI. HifIKMX KIIBKICHMX TOPIBHSHb SKOCTI HaOJIMKEHHS
HOPMAJIbHAM PO3TIOJIIJIOM 3 HAOJMKEHHSMH 1HIIMMH ICHYIOUMMH PO3IOiIaMH paHille He
npoBoawiIoCh. lle mikoM 3po3yMisio, ajpKe MPOCTOPOBI Bapiallii mapamerpiB XBHJ Ta
BIJIHOCHO Maja KUIBKICTh BHUMIPIB 1 aHATI30BaHUX IHTEPBAJIB Yacy YCKIAIHIOE aHAIi3
BIZIXWJICHb PO3MOJILTIB BiJl IOTHOPMAJIBHOTO.

Bapro 3ayBaxkuTH, 1m0 TyXK€ CXOXKa 3ajada BUBYAIACH Y PaJIOTEXHIIl B 3B’ 3Ky 3
TYCTHHAMHU PO3MOJUTY IMOBIpHOCTI Jpo0OoBoro mymy. B poGoti [105] Gyno po3pobiieHo
AHATITUIHUHN TIAXIT U1 3HAXO/HKEHHSI TYCTHHU PO3MOJAUTY IMOBIPHOCTI IPOOOBOTO IIyMY,
10 CKJIAZA€THCS 3 IMITYNIbCIB MeBHOI (hopMu. ['yCcTHHA po3moniay iMOBIPHOCTI 3ayiexana Bix
mapamMeTpiB, M0 BH3HAYAIOTh XapaKTEPUCTUKU immynsciB. ABropu [105] orpumanu
IHTErpayibHE PIBHSIHHS, IO JO3BOJISAE€ 3HAWNTH TAaKUU PO3MOIUT JJIsl PI3HUX THUIIIB IMITYJIbCIB.
Opmnak 1715 OLIBIIOCTI IIKABUX BUIMAJKIB II€ PIBHSHHS MOXXHA PO3B’SA3aTH JIUIIE YHUCIOBUMH
METOJIaMH, 1 MUTAHHS TIPO T€, K XapaKTePU3yBATH TaKi PO3IMOALIHN, 3ATHINAIOCS BIAKPHUTHM.

Y npomy po3aini aucepTamii AOCHIHKYETbCS MOXIUBICTh KUTBKICHOI XapaKTEpUCTUKU
BIUTMBY TaKHX SIBUII, K KyTOBa AMQY3isd BHACTIAOK BILUTUBY MaJOAMILUNTYIHUX (IyKTyaIii
KOHIIEHTpAIlii, JiHiIiHe 3pOCTaHHS XBWIb Yy CHJIBHO HEOJHOPIAHIM TIU1a3Mi Ta Bapiarii
aMILTITyId, TIOB’ s13aH1 31 3MIHOIO JIOBKMHU XBWJIl BHACIIIOK Bapialliii KOHIIEHTpaIlii T1a3MHu,
Ha pe3yIbTYIOUHIA PO3MOILT ICHTMIOPIBCHKUX XBUJIb 32 €HEPTIsIMH.

Jnst po3B’si3aHHs i€l 3amavi Oyino BHpImIEHO 3acTocyBaTH MeToauky IlipcoHa, 1mio
BUKOPHCTOBYEThCS JUIsi Kiacudikamii pisaux posmnoxainiB [106]. TlopiBHsuibHUMI aHami3
pPO3MOIIB, OTPUMAHUN 3 EKCIIEPUMEHTAIBLHUX BHUMIPIOBaHb Ta PE3yJIbTaTIB MOICIIOBAHHS,
MOX€E JIO3BOJIUTH 1eHTU(]IKYBAaTH BIIHOCHY poJib pi3HHX (akTopiB. Lo pobOory MoxkHa
pO3MIISAATH K MEPIINH KPOK 0 KUIBKICHOTO ONMUCY (Di3UYHUX TMPOIECIB 3 BUKOPUCTAHHSIM
CTAaTHCTUYHOTO MiIXOTy.

Pe3ynpTaTi, HaKONMHWYEHI MPOTATOM KIJTBKOX pOKIB BHMIPIOBAaHb Ha CYIMyTHHKAX
CLUSTER (uB. migposmin 1.5), 3apa3 HamawTh YHIKAJIbHY MOXIIHUBICTH JUIS IIHPOKUX
CTATUCTUYHUX JTOCIIIJKEHb JICHTMIOPIBCHKUX XBUJIb SIK Y COHSYHOMY BITpi, TaK 1y ¢opurori
3emuii. ExcriepuMeHTanbHi AaHi, MpEACTaBiICHI B IIbOMY PO3Jiii, MOKa3yl0Th, IO T'YCTHHA
PO3MOiTY IMOBIPHOCTI /U1 1IHTEHCUBHOCTI JICHTMIOPIBCHKUX XBUJIb MaJIOl aMIUTITYAH MOXE
CYTTE€BO BIAXWIATUCS BiA JOTHOpPMalbHOTO po3noaiuty. Kpim Toro, 3ampornoHoBaHa
IHTEepIpeTaliss WX BIIXWICHb Ta TMPOBEACHE TOPIBHSIHHSA pE3Yy/IbTaTIB YHCIOBOTO
MOJICTTIOBAHHS 3 €KCIIEPUMEHTAILHUMU JaHUMH.

Lle#i posnin muceptaitii Mae Taky cTpykTypy. Ilimposmin 2.1 ommcye 4UCIOBY MOJETh
HapOCTaHH/3racaHHs JICHTMIOPIBCHKOT XBUIII 3@ MPUCYTHOCTI €IEKTPOHHOTO IY4YKa, BETHKOT
KUIBKOCT1  (DIIyKTyamiii KOHIIEHTpallii Majoi aMmIuUnTyad Ta OAHIET HEOTHOPITHOCTI
KOHIIEHTpAIlli BENWKOi amruntyau. Ll Momgenh BUKOPHCTOBYETHCS [UIsl JTOCIHIKEHHS
MIPOCTOPOBOI €BOJIIOIIT OJTHOTO MAKETY TUIA3MOBUX XBHWJIb. Y MiAPO31UIl 2.2 YKCIIOBa MOJIETb,
onucaHa B MiApo3aiii 2.3, BAKOPUCTOBYEThCS Ui BU3HAUEHHS CTaTUCTUYHUX IapaMeTpiB,
0 XapaKTepU3yITh MPOCTOPOBY EBOIOIIID JIEHTMIOPIBCHKUX XBWUJIb Y IUIa3Mi 3 TEBHOIO
KUTBKICTIO BHITAJKOBUX HEOJHOPITHOCTEH BeNMKOi amriutityau. Kpim Toro, el miapo3ain
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onucye Tmpoueaypy kiacudikamii po3monaiutiB, BUMIpSHUX a00 OTPUMaHUX I[UISIXOM
MOJICITIOBAaHHS, 3a JIOMOMOTOI0 iX BITHECEHHS J0 OJHOTO 3 TuIiB po3noautiB Ilipcona. Y
nigpo3aini 2.3 0OroBOpIOIOTBCS OTPUMAaHI pe3ylbTaTH YHCIOBOTO MOJICNIOBAHHSA Ta
pe3yabpTaTu aHamizy AaHux, orpuMmanux npuiagamu WBD na 6opty cymyrHukie CLUSTER
no6nusy ¢opmoky 3emi. [ligpo3ain 2.4 npucBSYEHO IETATFHOMY CTaTUCTUYHOMY aHANI3y
pPO3MOAIIB TYCTHHH €HEPrii JIEHTMIOPIOBCHKHX XBHJIb, SIKI CIHOCTEPITAIHCS MPUIIAI0OM
WHISPER y ¢opmoni marnitochepu 3emii 3a pi3HUX yMOB, CTaTHCTUYHOMY aHaji3y
OTPUMAaHUX PO3MOAUIIB Ta KIIbKICHOMY TOPIBHSHHIO 3 JIOTHOPMAJIBHUM PO3IOALIOM,
nepeadaueHuM CIIPOIICHOI0 TEOPIEI0 CTOXAaCTHYHOTO 3pDOCTaHHs. | 0JI0BHI BUCHOBKH JI0 ITLOTO
pO3iTy qucepTarlii HaBeIeHo B miapo3aii 2.5.

2.1. YncaoBa mojedb NJIa3MOBO-NYYKOBOI B3a€MOAii y BHIIAJAKOBO-HEOIHOPiIHIM
mJia3mi

Jins BHBUEHHS BIUIMBY BHIIQJIKOBHX HEOJHOPIAHOCTEH KOHIEHTpAIili Ha EBOJIOLII0
JICHTMIOPIBCHKUX XBHJIb BHACIIJOK PO3BUTKY IJIa3MOBO-ITYYKOBOT HECTIHKOCTI B KOCMIUHIN
IUIa3Mi IPUITYCKAEMO, [0 HEOJHOPIIHOCTI MOXKHA PO3AUIMTH Ha JBa BIAMIHHI THIH — 3
MaJIol Ta BEIUKOK aMILIITyn00. BBaxkaTuMeMo, 110 i HEOJHOPIAHOCTI MAalOTh Jy)Ke Mai
MIBUJIKOCTI B TOPIBHAHHI 3 TPYINOBOIO INBUJKICTIO JIGHIMIOPIBCBKUX XBWJIb 1 BEJHUKI
XapakTepHi MPOCTOPOBI po3Mipu, TpuuoMy (UIyKTyarlii KOHIIEHTpaIii BEIUKOI aMILTTYIH
MaroTh OUTBII PO3MipH, HIXK (QIIYKTYaIlil Majaoi aMILTITy/IH.

st Toro, mo6 mepedTH a0 OUIBII TOYHOTO MAaTEMaTHYHOTO OIHUCY, BBEAEMO TaKi
no3HaueHns. Hexaii  ta Q € TUIOBMMH <«XBHJIBOBUMH YHCIAMH», IO XapaKTePHU3YIOTh
MPOCTOPOBI MacmTabu (QUIyKTyalliii KOHIEHTpaIlli BIIMOBIIHO 3 MaJUMH Ta BEJIUKUMH
amrutitygamu, AN ta AN sSBISIOTH COOOK0 BiMOBIAHI 30ypeHHS KOHIIGHTpaIii mia3mu, K e
XapaKTePHUM XBWJIOBUM 4YHCJIOM HECTiHKMX JIEHIMIOPIBCBKHX XBUIb, Vg Ta [' — 1,
BiJIOBITHO, IXHS TPYIOBA MIBUAKICTH Ta IHKPEMEHT 1HTCHCUBHOCTI.

Hexait xapakTtepHi TpOCTOPOBI MacmiTadW HEOJHOPIAHOCTEH 000X THITIB € TOCHTh
BEJIMKMMU B TIOPIBHSHHI 3 JOBKUHOIO TUIA3MOBHX XBHIIb, & IHKPEMEHT € IOCUTh MaJ M

Q<l/v,<<qg<<k.

B npomy BUMaaKy MOKHA OTNepyBaTH MOHATTSAM CEPEAHBOI CIIEKTPAIbHOI TYCTUHU €Heprii
JICHTMIOPIBCbKHX XBWIb W, 11¢ yCepeIHEHHS NPOBOJUTHCA IO MPOCTOPOBHX 1 YACOBUX
iHTepBanax Ar ta At, 10 BiIMOBITHO 33I0BOJIBHSIOTH YMOBaM

1/qv, <<At<<UT, 1/Qv,; 1/q<<Ar<<y,/T, 1/Q. (2.1)

3 HepiBHOCTI (2.1) BUIUIHBAE, IO MAKET JICHIMIOPIBCHKUX XBUJIb, BUSBISETHCSA MCHIIUM
BiJl XapaKTEPHUX PO3MIPIB HEOJHOPITHOCTEH BEIMKOI AMIUITYAM 1 TNEPEKPUBAE BEIHKY
KUTBKICTBh (DITyKTYyarliii Majaoi aMIutiTyau.

o . . 2
Skmo s GayKTyamiit Magoi aMItiTyau BukoHyeThest ymoa An/n << 3Tk / mwse’ TO

MaKeTH JICHTMIOPIBCHKUX XBHIIb HE MOXYTh 3aXOIUTIOBATHCS TAKHMMH HEOJHOPITHOCTSIMH, a
JIMIIE PO3CIIOI0ThCS HUMU. Bibliie TOro, 11e pO3CilOBaHHS € «IpyXHUM» (0e3 3MiH YacToTH Ta
a0COJIIOTHOTO 3HAYEHHS XBHJIBOBOTO BEKTOpa) 1 AUQY3IMHAM, SKIIO HEOIHOPIAHOCTI
BUIIAJIKOBO PO3MOUICHI B MPOCTOpi 1 iXHI MmBHAKOCTI € ayxe Mamumu [107]. J{ns xBuib

BETUKOI aMILTiTyau mpumyckaemo, mo AN/n< 3Tk?/maf,, T06TO BeNMUMHA XBHIBOBOTO

pe ’
BEKTOpAa MOXXE CYTTEBO 3MIHIOBAaTHCA MiJ 4Yac TPOXOJDKCHHS XBWJI Yepe3 Taky
HEOJHOPITHICTh, ajJ€ HEOIHOPITHICTh HEIOCTAaTHHO BEJIHKA, 100 BIAOMBATH TAKETH Y
3BOPOTHOMY HAIPSIMKY.
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Takum 9wHOM, i  (IUyKTyarid KOHIEHTpamii Maioi amIuliTyId BHKOPUCTAHO
npunymieHas aBTopiB [107], mo m03BoJsie BBaXKaTW B3a€MOJII0 3 TaKUMHU (DIyKTyarisMu
CTOXAaCTUYHUM IIpOIECOM 1 oOuucmioBaTd iX BIIUB y HabmmwkeHHi Pokepa-Ilnanka.
B3aemomisi XBWJIBOBOTO TaKeTy 31 30ypeHHSMH KOHIICHTpAIll BEJIMKOI aMIUNTYIUd Mae
pO3rIIAIaTHCA Yy paMKax JAeTepMiHiCTMYHOro miaxoxy. OTke, eBOJIOLIS CHEeKTPaIbHOL
TYCTHHH €HEpTii MaKeTy XBHIb OMUCYETHCS PIBHSIHHSM:

aa_vtv+(vg W = ADW + W,

ne D(X, k, ) —koedirient audysii XBHILOBOTO BEKTOPA.

Bapro  3a3HauMTM  fAeAKi  BIACTUBOCTI  MOMIMPEHHS  XBWUJIb 32  HAsABHOCTI
3pocTtaHHs/3racanHs, Ko edexkroMm audy3ii MOKHA 3HEXTYBaTH, a JAESIKi HEOTHOPITHOCTI €
JOCTaTHbO BEMUKUMH [UIs TOro, o0 BiAOMBAaTH MAKeTH B 3BOPOTHOMY HANpsMKY,
AN/n > 3Tk2/mcopez. [Ipunyctumo, 1o mnpodib KOHIEHTpAIil TUTa3MU  MPEIACTaBICHO
TiNeproBepXHEl0, 10 Mae ropOW Ta 3amajJvHU, 1 MOIIMPEHHS XBWII BIAMOBIAa€ pPyXOBi
NESKOTO0 TIpEeIMeTy, IO JiiTae Ha TeBHIM BucoTi. Komm mel mpeamer 3ycTpidaeTbes 3
rineprnoBepxHeEro, BiH BiIOMBAEThCA. 32 PaXyHOK HECTIHKOCTI aMIUTITy1a XBHJII 3pOCTA€E, MOKH
BOHA PYXA€THCS B JCIKOMY «KOHYCI», 11032 SIKMM XBUJIS 3racae. KpiM Toro, aMIiiTyna XBuii
TaKO0 MO>KE 3MIHMTHUCS BHACIIIOK Bapialliil TPyMoBOi MBHUIKOCTI. Taka KapTHHA BiIMOBiAae
TE€OMETPUKOONTHYHOMY PO3B’ SI3KY, IKHH Ma€ BUTJISI:

W(t,r) = We exr(—iax+ij IZdF),

ki

ne K — KoMITJIeKCHUIT XBUIIbOBHI BEKTOP, IO OMKCYE Bapiamii (a3u Ta aMIUTITYAH XBUII, a Ky
— KOMIIOHEHTa XBWJILOBOTO BEKTOpa, MEPIEHIUKYISIPHA 10 MOBEpxHi. B Takomy BUmamky
CTAaTHCTUKA AaMIUTITYyJl XBWJIb BU3HAYAE€THCA CTATUCTHYHUMHU BIACTHBOCTSAMHU PO3MOILTY
KOHIICHTpAIIii TIa3MH 1 IIOYaTKOBOT'O 3HAYEHHS XBUJIHOBOTO YHUCIIA.

IcHye KinbKa pi3HUX TPyl XBWJIb, SIKI MOXKHA Tak Kiacu(ikyBaTH. XBWIi MEPIIOi TPYIH
3aXOIUTIOIOTHCS BCEPEIMHI JCSKUX 3allaiH 1 He MOXXYTh BUWTH 3 HUX. BOHUW JOKasi3oBaHi
no0aM3y TPUBUMIPHUX MIHIMYMiB KOHIIEHTpAIlii, 1 IXHSI AUHAMIKA 3BOJUTHCS 10 MEPIOTUTHUX
KOJMBaHb MDK 3TacaHHSAM Ta 3pOCTaHHSAM aMmIunTyau. [[pyra rpyma MICTUTh XBWI, SIKi
pyxaloTbCsi B 0araTo3B’si3HIA 007macTi 1 BiZOWBAIOTBCS TMiJ] BUIMAAKOBUMH KyTaMH,
TOPKAIOUNCh TOBEPXHI. AMIUTITYAa XBHJI THMYacOBO 3pOCTa€ IMija dYac BiAOWUTTS, a B
CepEIHbOMY XBHJIS 3pOCTAaTHME 4YHM 3racaTMME 3a HAasBHOCTI I1HKPEMEHTY/IEKPEMEHTY.
BaxxnuBa 3MiHa y MOBEMiHIT XBUII1 BITOYBAa€ThCs, SIKITO ePekT qudy3ii Ha QuIyKTyalisix Majnoi
aMIUTITYM CTA€ JIOCTaTHHO CUJIBHUM. Y BHIIAJKY 3 HE3HAYHOIO TU(Y31€10 TPAEKTOPIi MOKYTh
NIEPETHHATHUCS, X0Ua JIOKAIbHA MOBEIHKA aMIUTITYAH BU3HAYAETHCS XBUIISIMH, 1110 TIPUXOASATH
3 KOHYCY IHKpeMeHTy. JlJis BHMaaKy, KoM BHECOK AUQY3il cTae JOCTAaTHBO BETUKUM, XBHII
MOXXYTb MIPUXOJIUTHU 3 OyAb-SIKUX HAIPSIMKIB, 1 BAKJIMBUM MOXKE CTaTH BHECOK 1HTEp(EPEHIIii.

HeonmHopinHOCTI mia3Mu, SKi 3yCTpida€ XBUIBOBHM IMaKeT, BIUIMBAIOTh HAa aMILTITYIy
XBWJIb BHACIIIJIOK Bapiariii e(eKTUBHOTO IHKPEMEHTY, PO3CIFOBaHHS Ha HEOJIHOPIAHOCTAX Ta
Bapialiif TpynoBoi MWBUAKOCTI. J{iCHO, pO3TISHEMO OJHOBUMIPHUHN BHUIAJOK Y HAOJIMKEHHI
T€OMETPUYHOI ONTHKU TPH HYIHOBOMY iHKpeMmeHTi. Hexait X = 0 € Toukor0 BiIOUTTS, TOII
XBWJILOBE YHCIIO K MEpeTBOPIOETHCS B HYJb y i Toumi. [IpumyctumMo, mo B JAOCTaTHHO
BEITUKOMY OKOJII IIi€] TOYKH Kk ~x42. Toni orpumyemo, mo VgW = const,ne W — ryctuna
eHeprii XBuii. 3 JUCTIEPCIHHOTO CIiBBIAHOMIEHHS IS JIGHT'MIOPIBCHKUX XBUJIb BUILTUBAE, 110
Vg ~ K, TakuM 4MHOM r'ycTHHA eHeprii XBHIIi IPONopLiiiHa 10 kL. 3a o3HaueHHsM, IMOBIPHICTB
CIIOCTEPEKEHHS TYCTUHH eHeprii xBuii B niamazoni Bix W no W + dW ckiranae Pw(W)dW, ne
Pw(W) — posmofin iMOBIpHOCTI Ui TYCTHMHH €Heprii XBumi. JIJif CTOAYMX XBHJIb ICHYE
onHO3Ha4YHe criBBigHOIeHHs MK X Ta W. Takum unnom, Pyw(W)dW = Py(X)dx, ne Px(X)dx —
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IMOBIpHICTh 3pOOMTH BHMIp Y MeXax II€BHOTO MPOCTOPOBOro iHTepBaly. SIKIIo
MPUITYCTUTH, 110 BUMIPIOBATBHUHN TIPHIIAJT PYXAETHCS 31 CTAIOK0 MIBUAKICTIO B TOCTIIKYBaHIM
obunacTi, To Py Oyzne cranoro, 1 micis HeCKJIaIHUX PO3paxyHKiB MOXKHA OTPUMATH CTEIICHEBUN
posmoxin enepriii  xBuib, Pw(W) ~W?3 B IHIIOMY BHMAJAKY, KOJIM XBHJIbOBE II0JIE
CKJIQIA€ThCA 3 OKPEMHX TIAKETIiB, SIKI OCIHMIIOIOTH MIX TOYKAMHU BIAOUTTS, 1IMOBIpHICTH
CIIOCTEpiraTi XBWJI B JIeAKIA 00yacTi mpoctopy Oyae oOepHEHO MpOMOpIiiHA 0 iXHBOI
rpynoBoi MmBHUAKOCTI, Py ~ Vg "L, B pesyabTari MOKHA OTPHMATH CTEICHEBY 3aIeXKHICTH
Pw(W) ~ ~W2, JlocmiKeHHsT 1HIMUX aBTOPiB MPUBOAATH 10 3anekHocti Pw(W) ~ ~W? nns
BeNMKUX 3HaueHb W N XBWIb 3 ypaXyBaHHSM iXHBOTO PO3CIIOBaHHS Ha TayCCiBCHKUX
GuIyKTyalisix KOHIIGHTpaIlli 3 HYJIbOBUM CepeaHiM B3I0BXK Tpacu mnpomento [108] rta
NOLIMPEHHST MPOMEHIB 3a HasiBHOCTI kayctuku [109]. OueBuaHO, i MEXaHI3MH MOXYTh
CYTTEBO 3MIHUTH BHCOKOCHEPTETUYHY YACTHHY PO3MOALTY, (GOPMYIOUHM CTEIEHEBHM XBICT,
asie IeTajbHe JOCIDKEHHS I[bOT0 SIBUILA BUXOJUTh 32 PaMKH AaHoi poboTu. Hikdye ocHOBHa
yBara mpuaiatuMerbes edekram audysii Ta GaykTyamisM iHKpEMEHTY, a TaKOX aHaji3y
EKCIIePUMEHTAIbHUX JaHUX XBHIb 3 MAIMMH aMIUTITYJaMH 1, BIATOBIIHO, po3moAiiaM Oe3
CTETICHEBUX XBOCTIB.

IcHye nBa CHpOIIEHUX MIAXOAU O BUBUYEHHS CTATUCTHYHUX BIACTHBOCTEH XBWIb Yy
my1a3Mi 3 MyYKOM Ta HEOAHOPITHOCTSMHU: 3 BUKOPHUCTAHHSIM CTaI[lOHAPHOI TpaHUYHOI 3ajadi
Ta TOYATKOBOI 3a7ayi MpO NOLIMPEHHS XBWIb. Y TMEPLIIOMY MiJIXOJl HPUIYCKAETHCS
CTaI[lOHAPHICTh, TYCTHMHH EHEprii XBWJIb, a IHKPEMEHT Ta CIIeKTp XBWJIb 3aJIeKaTh BIJ
koopauHat. Jpyruil miaxix BukopucToByBaBcs apropamu [107], mo BHBYaNM 4YacoBy
€BOJTIONII0 XBHWJIb Y MAaKPOCKOMIYHO OJHOPIAHIN Tia3mi, HE BPaxXOBYIOUH 3aJICKHICTh BiJ
npocTopoBUX koopauHat. Lli aBa minxoau, 0e3yMOBHO, MalOTh JESIKY CXOXICTh, OJHAK Y
JaHii poOOTI 00paHO MEPIINA 3 HUX, SIKUW 31a€ThCs OUTBII 3pYYHUM 3 TOYKH 30PYy YHUCIOBOTO
MO/JICITIOBAHHS.

TakuM dYWHOM, /ISl CHPOIIEHHS, PO3TIISIATHMEMO CTAIliOHAPHUH BHUIAAOK, KOJHU
JICHTMIOPIBCHK1 XBHJII BXOJSTH 0 MiBIPOCTOPY X > 0, 3a1I0BHEHOT0 HEOAHOPITHOIO IIa3MOI0
3 mydkoM. [TapaMeTpu 1ra3mu 1 po3B’ sI30K 3ajieXkaTh JIUIIE BiJl KOOPJAWHATH X 1 HE 3aJekKaTh
BiJ yacy. ToJli mpocTOpoBa €BOJIIOLIS XBHJILOBOTO MTAKETY ONMHUCYETHCS PIBHAHHSAM

v, cos@aW —ii Dsind—-
ox sin@oéd

ow

aej rw, (2.2)

ae I'(x, k, ) — edbextuBHMI iHKpEeMEHT/IEKPEMEHT ISl CHEKTPaIbHOT I'YCTUHU €Heprii XBHIII,
6 — KyT MK BICCIO X Ta XBHJIOBHM BekTOpoM, D(X, K, ) — xoedimient mudysii. Brums
MaKpOCKOMIYHUX (PIyKTyalii TyCTUHH MaJloi aMIUTITYIH OMUCYETHCS MEPIIUM JTOJAHKOM Y
npaBiii yacTuHi (2.2).

[lepur 3a Bce, 1iKaBO MpoaHali3yBaTH BILTUB (UIYKTYAIliil KOHIIEHTpAIIil Majoi aMILTITy/IH.
B aHani3oBaHOMY BHWIIQJKy ITaKeTH 3 PI3HUMH XBHJIBOBUMH YHCIAMH CBOJIOIIOHYIOTH
He3aJIeXKHO. SIKII0 00paTH By3bKHii Aiana3oH 3HAYeHb XBUJIOBUX BEKTOPIB 1 MPHUITYCTUTH, 110
CreKTp (UIYKTyallii € 130TPONMHHUM, TO KoedilieHT nudy3ii HaAOMMKEHO MOXHA BBaKaTH
CTaJINM, a IHKPEMEHT 3aJIeKaTUMe JIMIIE BiJl KOOPAMHATH X Ta KyTa 6.

Hexait I” — 1ie TUmoBe 3HAYEHHsS IHKPEMEHTY B JOCIHIIKyBaHiH oOiacTi. Ik BUIHO 3
piBHAHHA (2.2),MOXXHA BBECTH ABa 0e3po3MipHHX mapameTpH, 1 = I'/D ta dr = [AX/vg, e AX
— 11 XapaKTepHa JIOBXXKHUHA, Ha AKIH €BOJIOLIOHYE MakeT. [pyruit mapameTp, d2, XapaKTepHU3ye
IPOCTOPOBUIl 1HKPEMEHT/IEKPEMEHT XBUIIb, SKIIO edekramu audy3ii MOKHA 3HEXTYBAaTH.
Tounime, skuo obpatu Kyt € = 0 1 pO3rNIIHYTH JABI TOYKH, PO3MIICHI TOCTATHHO MAaJOK0
BifcTaHHIO AX, Takoto, 1m0 ['(X, 0) 3MIHIOETbCS HEICTOTHO MIX JBOMa OOpPaHUMH TOYKAMH,
CHEPrist XBUIIb Y IIMX TOYKAX BiAPI3HATUMETHCS MHOXHHKOM €XPE2), TOOTO

s, :AXAInW .
AX D=0
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JIns OIiHKK BiJHOCHOTO BHECKY 3pOCTaHHs/3racaHHs B MOPIBHAHHI 3 audysieio B
YUCIOBOMY MOI[GJHOBaHHi 3PpY4YHO BBCCTU BiI[HOH_IeHHSI

AlnW
AX

R=Ax

/6,

(2.3)

(tyr mpupict AINW Ha Bimpizky AX Oeperbcs 3 ypaxyBaHHsM audysii). Bemmuunny (2.3)
MOYKHAa BBECTH SIK JUIS CIEKTpaibHOI TycTuHH eHeprii W(X, #), Tak i 1jIst MOBHOI T'YCTHHU

€Heprii:

W, = 271] W(x,6)sinéde,

(2.4)

skmo 3amexHocTi W(X, #) ta W(X) Bix Bimcrani B JOCHiIKyBaHiM 00JacTi MOYKHA
HaOJIIKEHO BBa)KaTH EKCIIOHEHIiabHUMH. Taka cHTyaulis peani3yeThcs, 30KpeMa, KOJIU

IHKPEMEHT 3aJICKHUTh JIUIIE Bl @ — HAPUKIAd, IPH

2
T068) - 514 11ex —l(ij
r 2\ 06

max

(2.5)

JIiss 9rCIIOBOTO MOJICIIOBAHHS PO3B’si3yBasiocst audepeHiianbue piBHsSHHS (2.2), 1is
SAKOTO OyJI0 PO3pOOJICHO KIHIIEBO-PI3HMUIIEBY CXEMY. AJTOPUTM pPO3B’S3KYy pPIBHSHHS Ta
pi3HHIIeBa cxeMa OyJIM aHaJOT1YHHMHU JI0 ONMcaHuX y poborax [110-111].

Pesynprat 00YMCIIEHb HOPMOBAaHOTO €(PEKTHBHOTO 1HKpEeMEHTY R il cnekTtpaibHOl
ryctunu eneprii W(X, ¢) ta moBHoi ryctuan eHeprii Wit y mia3mi 3 nmpogiieM iHKpeMEeHTY

(2.5) mokasano Ha puc. 2.1a.

R Wot £=0

-0.4 ||||I111|||[|||||r||rmax/D

0 5 10 16 20
a

0

AQg,/w

0

LI I I I N me/D
5 10 15 20
0

Puc. 2.1:a — 3amexxHOCTI HOpMOBaHHX e(heKTUBHUX iHKpeMeHTiB R (2.3) Big BigHOIIEHHS
I'mayD nist raycciBepkoro npodinto iHkpementy [(6) (2.5)3 Af = 7/10 (nyHkTupHA JiHisA
BIJMOBiga€ MOBHIM crekrpanbHiii eHeprii Wipt (2.4), WTpUX-MyHKTHPHA, CYIJIbHA Ta
HITPUXOBa— CHEKTpajbHil ryctuHi eHeprii W(0, X) Bignosiano anst 8 = 0,0 = 7/2 ta 6 = x); 6
— 3aJIE)KHICTh PO3PaXx0OBaHOI KYTOBOI MBIIUPHUHHU CIIEKTPY XBUJIb BiJ BIAHOIIECHHS [ mayD.

3 puc. 2.1la BuAHO, IO U1 MaduX BigHOWmIEHb [ mayD, Komu mudysis goMmiHye,
e(eKTUBHHUIA 1HKPEMEHT HE 3aJICKUTh BiJ KyTa 6, 1 criekTp Mae OyTH 130TpomHuM. binbrie
TOTO, B I[bOMY BHUIIAQJKYy HECTIMKICTh MPHUAYIIYETHCS, IO BIAMOBIAE pe3yibTaTaM poOOTH
[107]. Ipu 3pocranHi ['maD criextp xBuib crae anizorponHuM. Komu BigHOmEeHHS ['madD
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HEpPEeBHIIYE JEsSKE MMOPOTrOoBe 3HAYCHHS, y K-pocTopi BHHHMKAOThH 00JacTi 3 JAOAaTHHM
e(DeKTUBHUM I1HKPEMEHTOM, 7€ PO3BUBAETHCS HECTIHKICTh. XO4a, HaBITh SKIIO 3HAYCHHS
BigHOMICHHS ['may/D mopiBHIOE 20, epeKTHBHUN IHKPEMEHT HECTIHKOCTI BUSBIISIETHCS 3HAYHO
MEHIITUM, HIXK 32 BIICYTHOCTI 1u]ys3ii.

Jlpyroro XapakTepHCTUKOIO CIEKTPIB € iXHs KyToBa IIMpUHA. SIK yxe 3a3Hayanocs, s
MaJiiX BiHOMICHD ['maD CHEKTpH € KBa3i-i30TPOIMHUMHM 1 CTAIOTh BYXXYHUMH IPU 3POCTAHHI
1poro BinHomeHHd. Lle TBepmkeHHs LmtocTpye puc. 2.16, ne 300paxeHo 3aJeKHICTh KyTOBOi
HAMBINUPUHU CHEKTPY Abfn Bill ['ma/D. IliBlmpuHa BH3HAYA€THCA B KIiHI[ MPOMIKKY
MOJICITFOBAHHS, X = Xmax 3 YMOBU W(Xmax Fin) = W(Xmax 0)/2.

Konu B ma3Mmi icHYrOTh uIyKTyallii KOHIIEHTpaIlii 3 BEJIUKOK aMIUTITYI0I, XBHIHOBUI
BEKTOp IMAKETy JICHTMIOPIBCHKUX XBUJIb 3MIHIOE SIK HAIPsIM, TaK 1 JOBXKHUHY. CTPOTO KaxydH,
B I[bOMY BHIIAJKY PiBHSIHHS (2.2) HE BUKOHYETHCS, 1 HOro Tpeba 3aMiHUTH Ha OLIBIII 3arajbHe.
Ane neski SIKICHI acIeKTH po3B s3yBaHOI 3a7ayi MOXKHA JOCHITUTH, BUKOPHCTOBYIOUH
piBusHas (2.2). [l BpaxyBaHHS BHXOJY XBHJII 3 PE30HAHCY 3 ITYYKOM, KOJH XBHJISA
MPOXOJUTH Yepe3 HEOIHOPITHICTh KOHIICHTPALlIT 3 BEJIUKOK aMILTITYI0 0, 0 piBHAHHS (2.2)
BBEJICHO 3JICXKHICTh IHKPEMEHTY Bij KoopauHaTu. Hexaii

—rﬁx'e):—o.1+1.1ex —1[‘9) ex —E(X_XOJ . (2.6)

max 2\ AG 2\ Ax
I e AX — e XapakTepHUi MacuTad HeOIHOPIAHOCTI. [HKpEMEHT, 110 3a7a€ThCsl BUPa3oM
(2.6), crae momaTHUM B OKOJI TOYKH Xo MPH MOIIMPEHHI Brepea. [Ipu cuabHOMY BiAXHIEHHI
BiJ] IbOTO HAIIPSIMKY Ta OUIBIIUX BIJCTAHAX BiJl Xo BiH MPSAMYE J0 TAKOT'O CAMOT0 32 MOJIYJIEM,
aJie HETaTUBHOTO 3HA4YeHHS. Pe3ynpTaTu 4nciioBOro MOJENIOBAHHS 3 BUKOPHUCTAHHSM I[bOTO
npod T TOKa3aHo Ha puc. 2.2.

20

10

0.5

0.5

0 xshiﬂed/xmax 0.5

Puc. 2.2. Pe3ynpTaTé 4MCIOBOTO MOJEIIOBAHHSA HECTIHKOCTI B OAHIN BEJIMKOMACIITAOHIN
HEOHOPIHOCTI: @ — mpocTopoBi mpodini BigHomeHHs [/D mns 6 = 0 Ta pi3HUX 3HAYEHD
I'ma)D; 6 — mpocTOpoOBi 3a1€KHOCTI HOPMOBAHHUX T'YCTHH €HEprii, orpuMaHux s ['madD =
10 (mimis TpukyrHukiB), 15 (miHis kBagpatukiB) ta 20 (CyiinbHa JiHIsN); B — Ti cami
3JIEKHOCTI MICIIsI CYMIIIEHHSI IXHIX MAaKCUMYMIB.
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2.2.YucyioBe MOJeTIOBAHHS MOIIUPEHHS XBIUJIb Y HEOAHOPIAHIN miia3mi

VYV maHoMy miapo3/iiai BUBYAIOTHCS CTATUCTUYHI BIACTHBOCTI XBUJIb MaJIOi aMILTITYIH Y
BUIIAJIKOBO-HEOHOPIIHOMY cepeoBuiii. HemiHiiHi sBuina He OepyThes 10 yBary.
Po3risiHeMo Taki rpaHHYHI YMOBH TS PiBHSAHHSA (2.2):

W], =W,(8) oz 0<O<m/2,
W _ =0 om ml2<fsm

X:Xmax

[Ipunyckaerses, MO Ui BEIUKUX X HECTIMKICTh MPHUIYLITYETHCS, 1 JIEHIMIOPIBChKI XBHIII
3racaroTh. 3aneKHicTh iHKpemenTy I'(X, ) Bix X Haramye npo6osuii mrym. Tounimre, I'(X, 6) €
CYIEPIIO3UIIEI0 IMITYJIBCIB 3 BUMAIKOBUMH MOJIOKEHHSAMH Y mpoctopi. L{i iMmyascu MaroTh
dopmy, ska 3amaerbes Bupasom (2.6), ame, Ha BiAMIHY BiJ 3BHYAHOTO IPOOOBOTO IIyMYy,
pi3HI aMILTITYyIH, SKi PIBHOMIPHO PO3MOJUIEHI MK HYJEM Ta MaKCHUMaJIbHUM 3HAUYECHHSIM
I'maD = 15. Ilaker XBujb, MOMIMPIOIOYKCH, crpuitmae ['(X, #) sk Habip iMmynbciB 3
BUIAIKOBUMH aMILTITYyIaMH, [0 HAJXOIATh Y BUIIAKOBI MOMEHTH Yacy.

CepenHsi KUIBKICTh TaKUX IMITYJIBCIB Ha MPOMIKKY MOJIETIOBaHHS JopiBHIOBana S0 mis
BCIX 3allyCKiB pPO3paxyHKOBOi Iporpamu, aje TOYHE 3HAuyeHHS OyJo0 BHIIAIKOBOIO
BEJIMYMHOIO, PO3IMOMIJICHOI0 3a 3aKkoHOM Ilyacona. CepenHe BiJHOIIEHHS TOBHOI HMIMPHHU
001acTi MOJIENMIOBAaHHS /0 IMUPUHU AX OKPEMOTo iMITyJbCy JIOPIBHIOE CepeiHil KUTbKOCTI
imnysbciB (50). TakuM 9MHOM, PO3TIAAAETHCS BHUIAA0K, KOJH IMITYIbCH (HEOXHOPITHOCTI)
IPEKPUBAIOTHCS, i€ KUTBKICTh IMITYJIBCIB, 110 MIEPEKPUBAIOTHCS B AOBIIBHINA TOUI MPOCTOPY,
HeBennKa (KiTbKa OJUHUIIb).

1100 OWIHUTH TYCTHHY pPO3IOMAITY WMOBIPHOCTI €HEprii XBHJII IS TEBHOTO 3HAYEHHS
koopauHatu X > 0, Oyno B3sito pesynabratd 10000 3amyckiB mporpamMu MOJETIOBaHHS.
Koxnuit 3anmyck BigOyBaBcs 3 Pi3HUMH HPOQUIAMH 1HKPEMEHTY, J€ KUIBKICTh IMITYJIbCIB
(meogHOpiAHOCTEH), IXHI aMIUTITYIH Ta MOJIOKEHHS OOMPATUCS BUIAAKOBUM YHHOM 3TiTHO 3
BiJIMOBITHUMH PO3TOiIAMUA IMOBIPHOCTI.

Hns omucy ¢opMu Ta IHIMX BIACTUBOCTEH PpO3MOIUTIB, OTPUMAHUX MIITXOM
MOJICITIOBAaHHS, 3PYYHO BHKOpHCTAaTH Meron KpuBux Ilipcona [106]. Ileit miaxim mo3Bossie
3HaTH KpuBy I[lipcoHa, sika macTh HaWKpaile HaOIUKEHHS PO3MOILITY €KCIIEPUMEHTATBHUX
naHux. [laHuii METOq Mae TpU BAXKIMBUX TEpeBarv. BiH 00 €KTHBHHM, MOXe OYyTH JIETKO
aBTOMATM30BaHWN Ta 3a0e3lmeuye KIHIEBUH pe3ynbTaT y KOMMIakTHii ¢opmi [112].
BinmosigHa mporeaypa MiCTUTh Taki eTand. 3 MacuBY JOCTIKYBAaHUX JaHUX OOYHUCIIOIOTH
nepur 9oTUpu MOMeHTH. [lpumyckarouw, 1m0 Il OMIHKA € TOYHHMH, MOYKHa 3HAWTH
anpOKCUMALIII0 EMIIPUYHOTO PO3MOIUTY, IHTETpyIOUM 3BHUaiiHe JiHiiHE audepeHuiaabHe
piBHsSHHA. OTprUMaHe HAOIMKEHHSI MOYKHA TTOTIM TIOPIBHATH 3 PEATbHUMHU JaHUMHU.

Cucrema kpuBux IlipcoHa ommcye MMPOKUI Kiac pO3MOAUNB, IO MAalOTh OJIUH
ekcTpeMyM. BoHU Bci MOXYTh OyTH ONHcaHi TU(EpEeHIIAIBHIM PiBHSIHHAM

dp(z) . z-a
i b ebzenz "9 (2.7)

ne a Tta by e pgifichumu  koHctantamu [112-115]. JloOpe Bimomi HOpMalbHHH,
SKCIIOHCHIIaIbHUM, JIOTHOpMaJbHUH, [ Ta Jpo3nmonim, a Takok po3moaimn Komri Tta
CrtprofieHTa HAJIeXKaTh 10 ciMelicTBa po3noaiiiB [lipcona. Y 3aranbHOMY BUTIAIKY PO3TOILIH,
SIKi 33I0BOJIBHSIIOTH PIBHSHHS (2.7), MalOTh OJUH €KCTPEMyM Y TodYlli X =&, a ixHs ¢opma
BU3HAYAETHCSI TIOJIOKECHHSM JIBOX HYJIIB Y 3HAMCHHHKY MPAaBO1 YaCTUHU PiBHSAHHSA. OYEBHIHO
i HyJi BU3HA4YarOThCs BiaHOIIEHHsME Do/b, Ta by/by. Takum yuHOM 1i PO3MOALTH MOXYTh
OyTH TIOBHICTIO ONMHUCAaHWMM YOTHpPMa TapaMeTpaMu, SKI MOXKHA TIOB sI3aTH 13 CEpeIHIM
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3HaYeHHSAM Ta TPbOMa LEHTPAIbHUMH MOMEHTAMHU Up, U3 Ta (4. BracHe dhopma po3moziny
3aJICXKUTH JIUIIIE Bifl IBOX O€3pO3MIPHUX IMapaMeTpiB, SKi BU3HAYAIOTHCS BUpPa3aMHu

2

,81:/1_33’ 182:#_2- (2.8)
H> H;

[Mapamerp 1 Mae 3mict kBaapary acumerpii, a (f2 — 3) — koediuienty excuecy. Lli
napamMeTpH XapaKTepU3yIOTh aCUMETPIIO Ta Mipy 3arOCTPEHOCTI PO3MOALTY.

[Mipcon [106] po3poOuB Kinacudikaiio po3noiIiB 3 OJHHUM EKCTPEMYMOM i BUALIUB 12
THUITIB PO3IMOAUTIB B 3AJICKHOCTI BiJ] 3HAUCHHS mmapameTpiB f1 Ta f2. Ha puc. 2.3a 300pakeHo
wionHy (f1; f2) 1 moka3aHo oOyacTi UIs AeSKUX KiaciB. 30kpema, obnacts | Bigmosinae f3-
posnoxainy, minisg |l — y-po3noziny, niHis V — JOTHOpMaNIbHOMY pO3MOJLTY, a obnacts 1V
BiZIMOBiJa€ Tak 3BaHUM po3nonitaMm Ilipcona IV tunmy. Hopmanbuuii po3noain Ha giarpami
[Tipcona mpenacrabiieno Toukoro f1 = 0, f2 = 3. bubln aeTanbHO 03HAHOMHUTHCS 3 METOIUKOIO
ta KpuBuMH I[lipcoHa MoOkHa, Hanpukiaa, y podorax [112, 114-115]ta nomaHux Tam
MOCHITAHHSX.

PesynbpTatu, oTpuMaHi NUISIXOM YKCIOBOTO MOJICIIOBAHHS, IMOKa3aHi Ha JliarpaMi Ha puC.
2.3a-0 xpyxeukamu. Koxkna touka Ha miarpami otpumana 3 10000 3nadyens sorapudmy
rycTuHu eHeprii xBuimi, IgW, npu ¢ikcoBaHoMy 3HaYeHHI KOOpAMHATU X. Pi3HI TOUYKM JaHMX
YUCJIOBOTO MOJICIIOBAHHS BIIMOBINAIOTH PI3HUM BijcTaHsIM Bix mMexi X = 01, K HaCHIIOK,
pi3HIll cepelHii KUIbKOCTI IMIYNIbCIB 1HKpeMeHTY Nimp uepe3s siki MpoXoJAuTh XBUIA. Mexi
OoXHOOK Ha puc. 2.30 MOKa3yI0Th CTATUCTHYHHUI PO3KH/ ITapaMeTpiB [ Ta [, 3a IPUAHATTS
HYJIbOBOI TIOTE3H, 10 JOrapu(M I'yCTHHH €Heprii po3MOoAIICHHA 32 HOPMAJIbHUM 3aKOHOM.

3 puc. 2.3a-6 BuAHO, WO NpH 3pocTaHHl Nimp BIANOBIAHI TOYkM Ha iomuHi ITipcona
OpsSMYIOTh JIO TOYKH, IO BIANOBIJa€E HOPMAJIbHOMY pO3MOAUTY (IOKa3aHa YOPHHUM
XPECTHKOM), III0 BiJIMOBiJA€ IEHTPalbHIN rpaHuuHii Teopemi. OmHAK 3arajoM BiJIXHICHHS
BiJl HOPMAJIBHOTO PO3MOALTY JOCUTh CYTTEBI, 0COOJIMBO L1010 TapameTpa f1.

1 Hemoxnuei l (a) B2
B, 3HAYEHHS
i N 3
3.1
3.2 —
H
' | ' |
0 0.02 0.04 [
0

Puc. 2.3: a —miarpama mist pisHuX THUMB po3noainiB [lipcona pa3om i3 pe3ynbTaTamu
YHCIIOBOTO MOJICIIOBAaHHS (KPY)KEYKH) Ta CKCIIEPUMEHTAIbHUMHU JTaHUMH (TOYKa, MO3HAYCHA
TPUKYTHUKOM, BIJIMOBiae mapameTrpaMm posnoaury [lipcona, oOuucieHum Oe3mocepeHbo 3
BUMIpIB, KBaJpaTUKOM — IIapaMeTpaM, BU3HAUCHUM 3 HaWKpaIoi arnpokcuMarlii po3mnoiiioM
[Tipcona IV Tumy MeETOAOM MaKCHUMaJIBHOI TPaBAOMOMIOHOCTI, YOPHUM XPECTUKOM—
HOPMaJILHOMY PO3IO/iTY);; 0 — 30UIblIeHNH (hparMeHT NonepenHboi aiarpamu. Jius Kinbkox
TOYOK yKa3aHa e(ekTuBHa KiIbKiCTh Nimp 0OnacTel 3 NOAATHIM 3HAYEHHAM IHKPEMEHTY.
O6nacri, 1110 BiIMOBINAIOTH PI3HUM THUIIaM PO3MO/ILIIIB, TO3HAYEHO PUMCHKHMHU IIU(PpaMu
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L[i pe3ynpbTaTh MOKHA IHTEPHpPETYBATH 3a JIOMOMOIOI0 TaKUX MipKyBaHb. SIKIIO
nudy3ist XBUJI BIICYTHS 1 BUKOHYIOThCs YMOBH HaOmmkeHHs: BKB, mpocTopoBy 3anexHicTh
eHeprii XBUJIi MOYKHA 3alMCaTH TaK:

w@:maqgm@m)

B mma3zmi 3 daykryarisMu Manoi amMIunTy[ad, IO PO3CIFOIOTH XBHJI, 1HKPEMEHT IS
eHeprii XBWJI CJiJA 3aMIHUTH HOro eQeKTUBHUM 3HAYCHHAM. 3a MPUIYIIEHHS, M0
e(DeKTUBHMI IHKPEMEHT 33J]A€THCS 3AJICKHICTIO THITY APOOOBOTO IIIYyMY,

Nimp

rx)=3 F(ax-x), (2.9)

i=0

ne ¢opMa KOXHOTO IMIYJIbCYy OMHUCYETHCSA TI€0 caMOl0 (DYHKII€I0, M0 3alIeKUTh BiJ
napameTpy &, BEIMYMHU & € BHIIQJAKOBHMHU 1 HE3AICKHHMH, a TOJOXKEHHS IMITYJIbCIB X;
(GOpMyIOTh TyacCOHIBCHKY ToOCHiIoBHICT, TO IN(W/Wp) Oyme Takox MpOIECOM THITY
JIpoOOBOTO IIyMY Ti€l caMoi hopmH:

Nimp

Infw/w,)=>F,(a,x-x), (2.10)

i=0

Fy(a,x) = jx F-(a,x)dX .

3HaxX0KEHHS PO3MOIITY aMILTITYy U MyMy, 3aaaHoro ¢popmynoro (2.9), Take K AK 1 s
IPOCTILIOrO BUMAAKY 3BHYAIHOTO APOOOBOTO IIYMY, IO CKJIAJAETHCS 3 IMITYJIbCIB OJJHAKOBOT
aMILTITYIH,

Nimp

r(x)=> F(x-x) (2.11)

i=0

€ Iy)Xe BOXKJIMBUM JUIs Teopii Ta 3acrocyBanb. ABrop [116] BuBYaB 1110 3agauy AJsl LIymy 3
BUIIAIKOBOIO amIutiTynoro, F(a, t) = aF(t), Ta st npobosoro mymy (2.9)1 orpumaB BHpa3s
Ui (QYHKIII TyCTHHHM 1MOBIpHOCTI y ¢opmi iHTerpany ®@yp’e. [Hmi gocmigHuku B poOoOTi
[105] ctBepmKyBai, 110 PO3B’ 130K, onucanuii y [116], MokHa JIeTKO OOYMCIUTH JIMIIE IS
Maif’ke rayCCiBCHbKUX PO3IMOALIIB, KOJIM YacTOTa IMITYJIbCIB € JOCUTh BEIHUKOI0. BoHH, B CBOIO
4epry, JOBEIH TEopeMy, IO 3aJady PO 3HAXOMKEHHs PO3MOAUTY IS IIyMy, 3alaHOTO
dopmynoro (2.9), MoxkHa 3BECTH IO 3HAXOPKEHHS PO3MOALTY Ui myMmy Buay (2.11). A ans
JpoOOBOTO MIyMy, IO 3aAa€ThCs BUpa3oM (2.11),0y10 OTpUMaHO iHTErpaibHe PIBHSIHHS IS
aMIUTITYJHOTO PO3MOJLTY 1 PO3IIIIHYTO JIEKiJIbKa MPUKJIAAiB, KOJIU 1€ PIBHAHHSA MOXe OyTu
po3B’s3anuM aHamitiuHo [105]. OgHak y 3arajgpbHOMY BHUIAAKY II€ PIBHSHHS MOKHA
pO3B’si3aTH Jniie yrcenbHo. ABropu [105] HaBenn ofMH MPHKIAA TAKUX PO3PAXYHKIB, KOJIH
dopma IMOyIbCYy € EKCIOHEHI[AlbHO CIHaJHOK BHCOKOYACTOTHOI CHHYCOINOI0, €eXp(—
t)sin(wt), t > 0. Byso BUSBIEHO MOMITHI BIIMIHHOCTI XBOCTIB pO3Pax0BaHOTO Ta HOPMAJIbHOTO
PO3MOiTY HaBiTh JJIs1 JOCUTH BEJIUKOI 4acTOTH iMIyibCiB (10 iMITyIbCiB 3a OJUHHMIIIO Yacy).
Jis MEHIIMX 4YacTOT IMITYJIbCIiB BIAMIHHOCTI OyiaM NPUCYTHIMH B YChOMY Jliama3oHi
aMILTITYI.

Ormxe, Teopis, po3pobnena aBropamu [105], omucye, sikuM 4MHOM (QYHKIIS TYCTHHU
pos3noainy apoOoBOro mIymMy MOXe OyTH po3paxoBaHa 3a BimoMuMu (opmMoro Ta
CTaTUCTUYHUMH BJIACTUBOCTSAMHU (YacToTa, PO3MOAUT aMIUITYAX Ta 1iH.) IMOYJIbCiB. Y
3arajJpHOMY BUIIAQJKY 3aCTOCYBaHHS Ili€l Teopii AJg 1HTepmpeTanii eKCIepuMEHTaTbHUX
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JTAHUX BUMAara€ BEeJMKOI KUJIbKOCTI YHCIOBHX PO3pPaxyHKIB. 3 iHIIOro OOKy, mpu oOpooii
eKCIICpUMCHTAIbHUX JIaHUX OOCpHEHAa 3ajaya OTPUMaHHS BJIACTHBOCTEH IMITYJIBCIB 3a
CIIOCTEPEIKYBAaHUM IIYMOM HAaBITh OUIBII HikaBa. Tomy OakaHO 3HAWTH 1HIINI MiIXOIH, SKi
JIETKO BUKOPUCTOBYBATH 1 sIKi O JMaBaJid B pe3yibTaTi MEHIN JeTanbHy iHpopMamiro. OauH 3
TaKUX MiAXOJIB, [0 BXKE 3rajlyBaBCs paHiliie, OB’ S3aHUH 3 MEPIIMMH YOTHPMa MOMEHTaMHU
posmnoziny Ta kpuBumH [lipcoHa.

JUist CIpOIIeHHS MPUITYCTUMO, IO MPOMIKOK MOJICTIOBAHHS 3alIOBHCHHUN BUTAJIKOBHMH
HEOJHOPITHOCTAMU 1 oToueHu# obnactio 3 I' = 0, popMa edeKTHBHOTO IHKPEMEHTY B MEXKax
KOKHOI HEOJHOPITHOCTI MOXKe OyTH omrcaHa OOMEXEHOI0 (PYHKIII€I0, sIKa IEPETBOPIOETHCS B
HYJIb 32 MEXaMH CKIHYEHOT'O 1HTEpBay, 1 MOOJU3Y TOYKH, JI€¢ BUKOHYIOTHCS BUMIPIOBAHH!,
HeoHopiaHocTi BiacyTHi. Tomi 3 (2.10)Bumusae, mo IN(W/Whp) Mosxe OyTu mojmaHa sik cyma
HE3aJeKHUX JOJAaHKIB 3 OJHAKOBHUMH CTaTUCTUYHMMM BJIACTUBOCTSIMH, 30Kpema, 3
OJTHAKOBMMH CEPEIHIMU 3HAYCHHSAMU Ta JTUCHEpCiel0. SIK BUMIMBAE 3 IIEHTPAIBHOI TPAaHHUYHOT
TEOPEMH, PO3MOJII CyMH IPSAMY€E 10 HOPMAJIBHOTO TMPHU 3POCTaHHI KIJIBKOCTI JOMAHKIB. Y
BUHSATKOBOMY BUNAJIKy HOPMAIBHO PO3MOJUICHUX IOJAaHKIB HOPMAIBHUN PO3IMOMALT MaTUME
cyma Oyab-sKO1 KITBKOCTI JOJAHKIB. AJle 3arajoM, SIKIIO KUIbKICTh OJAaHKIB HE IyXKe
BEJHKa, TO (hopmMa po3MOILITY CyMH, a, OTXKE, II aCHMETpisi Ta €KCIEC CYTTEBO 3aICKUTh BiJ
BIMOBIAHUX CTAaTUCTUYHUX BJIACTUBOCTeW noAaHkiB. He Hakmagaroun [10AaTKOBHX
0o0MeKeHb, MOXKHA TIOKJIACTH, IO CEPeHE 3HAYEHHS KOKHOTO JIOJAHKY JOPIBHIOE HYJIEBI.
Skmio e He Tak, To mpoodyiemMa 301KHOCTI BUHUKAE JIUIIE 1T HEOOMEXEHUX 00s1acTel, a s
O0OMEKEHUX TMPOMIXKKiB, JAOCTATHBO IMPOCTOrO IMEPEBU3HAYCHHS 3MIHHMX, AJS TOro, 1100
CIPOCTHUTH 3a/1a4y A0 PO3TISHYTOI HUXKYE.

Hexait HopMoBaHa iHTeHCUBHICTh XBUJI1 W BU3HAYa€eTHCS (POPMYITOLO

Je W; — BHECOK Bij i-Toro immynbscy. O4ueBunHo, mo My 3 — nepmmuii Ta TpeTiil HeHTpabHi
MomeHTH 111 W BU3HaUYaTUMYThCS (hopMyTIaMu

M, =ni,, M; =ng;.

3 03HAYEHHS MOMEHTIB HIIIXOM HCCKJIAAHUX MECPCTBOPCHL I YECTBCPTOr0 HCHTPAJILHOT'O
MOMECHTY MO>KHA OTpHUMAaTH.

M, =nu,+ 3n(n —1)/,15.

TaxuMm unHOM, Koedirientu By ta By [lipcona ans W, 1m0 BBOASTHCS BUpa3aMu

(mopiBusATH 3 (2.8) ), MOB'sA3aHI 3 BIAMOBIAHUMH I[apaMeTpaMHd OJWHOYHOTO IMITYJIBCY
CIIIBBITHOIIICHHAMU

_B _,_ 3.5
=P B, =3-2+2
B n 2 n n

Jlerko 6aunTH, 1O 3TiAHO 3 HEHTPATHLHOI TPAHUYHOIO TEOPEMOIO acuMeTpis B; mpsmye
1o HyJIs, a By — 1o Tpiitku npu 3pocTaHHi KUTBKOCTI IMITYJIBCIB.



29
o6 mpoanamizyBaTd L0 TEHACHIIIO OUIBII JETalbHO, 3pYYHO CKOPUCTATHCA
napaMeTpamu

91=M3/M23/2= 1/2’ 92=M4/M22_3=Bz_31

SK1 TICHO TIOB’s3aH1 3 mapamerpamu fS1 Ta f» IlipcoHa Ta MIMPOKO BUKOPUCTOBYIOTBHCS SIK
OIIIHKU aCHMETpii Ta eKCIecy.

JInsi HEeBENMKWX MACHUBIB JaHWX HE3CYHEHI OIIHKM IIUX IapaMeTpiB BU3HAYAOTHCS
BUpazamu (nuB. Hamp., [117]).

N L (TR}

1T e (h-2)(n-3

3 BIATIOBIAHUMU CEPEIHBOKBAAPATUUHUMH BlAXUJICHHSIMH

_ 6n(n-1) _ 24n(n-1)?
6 = \/(n—z)(n +1)(n+3)’ . = (n-3)(n-2)(n+3)(n+5)"

SK1 3pYyYHO BHUKOPHCTOBYBATH TPHU TEPEBIPI MPUMYIIEHHS PO HOPMAJIBHICTH PO3MOILTY.
Jnst HOpMaIbHOTO PO3MOILTY BUKOHYIOTHCS Taki ymoBu [117]:

G| <35, [G]<5S, (2.12)

3a JaHUMU, OTPUMAHUMU MIJISTXOM YHCIIOBOTO MOJICTIOBAHHS 1 TIOJJaHUMH Ha puc. 2.3a-0,
MOYKHa OO0YMCINTH 3ajexkHocTi mapameTpiB Gi ta Gz Bif cepenHbOi KIIBKOCTI MAaKCUMYMIiB
inkpemenTy. BoHu mokasani Ha puc. 2.4 pa3om i3 Bignoigaumu moporamu (2.12). Jlerko
Oaunty, mo uig oOpaHux mpo¢uliB iHKpeMeHTy, po3moain IgW maibke BClOau MOMITHO
BIJIPI3HAETHCS BiJl HOPMAJIBHOTO, aji€¢ BIAMIHHICTh CTa€ HECYTTEBOIO ISl KUTBKOCTI IMITYJIbCIB
Nimp mopsinky 45-50.

3 ypaxyBaHHSM IOXHOOK JJIsi CTaTUCTUYHOTO PO3KUIY OIIHOK f2, TOYKH JIEKaTh B
obuacri, mo Bianosinae po3noxainam [lipcona IV tumy (aus. puc. 2.36). JlonaTkoBuii aHami3
MoKa3ye, IO BIAMOBIAHI HAOJMIKEHHS, 3pO0JICHI 3 BHUKOPHUCTAHHSM OIIHOK MOMEHTIB,
TPOXOJAT X°~TECT 3rOJIH, OMMMCAHMI Y HACTYITHOMY ITiPO3IiTi.

03dG—L 1 L+ 1 11 03 —tg,—L+ 1 . .
02 — — 02 - —
0.1 0.1 - —

0 0 — -
0.1 0.4 — L
0.2 0.2 — —
. S U U P 2 ) L e e

o 10 20 30 40 50 Nip o 10 20 30 40 50 Nip
a 0

Puc. 2.4.3anexnocri nmapametpiB Gy (a) Ta G, (0) Big eheKTHBHOI KiTbKOCTI oOmacTeit
(iMoynbciB) 3 momatHiM iHKpemeHTOM. Jlist HopManbHOro posmoaity G; ta Gy MaroTh
JIOPIBHIOBAaTH HYJIIO; TOPU3OHTAJIBbHI JIiHIT MOKAa3ylOTh BIAMOBIAHI MOPOTH CTATHCTHYHOI
3HAUYIIOCTI BIIXUJICHHS.
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Artopu [11, 59-62]BBaxkan, 1o y ¢popmori 3emiti KiIbKiCTh (UIyKTyalild iHKpEeMEeHTY
nemro nepesuinye 10,1 1poro 10CcuTh, 1100 posnoain IgW cta HopmansauM. BiamnosigHo 10
HaBeJICHUX BHUIIEC PO3PaxXyHKiB, y (opmIoii ymaapHOi XBWII 3eMJi KPUTEPiI0 TOCATHEHHS
HOPMAaJILHOTO PO3MOJAUTY Ma€ BIATMOBIAATH Yy JEKIIbKa pa3iB OUIbIIAa KUIBKICTh (DIyKTyarii
IHKpEeMEeHTY, uepe3 SKi MpPOXOIUTh JICHTMIOPIBCbKAa XBHJIS, LIO CTaBUTh IIiJ] CyMHIB
pesyabTatu [11, 59-62] 3rigHo SAKUX PO3MOILI € HOPMAaIbHHM.

2.3. AHaJi3 eKkcnepuMeHTAJIbHUX JaHuX, BUMipsinux npuiaagom WBD cymyTHukiB
CLUSTER

B upomy mizpo3nini mpencTaBieHO pe3yabTaTH aHai3y aMIUITYA JEHTMIOPIBCHKUX
xBWIb, BuMipssHUX 17 mrotoro 2002 poky mpunagom WBD, mo 3Haxomuthcs Ha OopTy
kokHoro i3 cynytHukiB CLUSTER fuB. miaposnin 1.5). Onuc npunaay MoXKHa 3HaHTH B
po6ori [102]. Ilpunax WBD orpuMye maHi y BHUIJISAI KOJIHMBAaHb CIEKTPHYHOTO IMOJS B
nmianazoHi 1-77xI['w, a gacrora onuryBanus cknanae 220 k['u. IIpunan WBD peectpye i
KOJMBaHHS Y (Gopmi AUITHOK TpuBaticTio 10 Mmc, siki GikcyroThes yepes koxail 80 mc.

EnextpuyHa aHTeHa 3HAXOAMUTHCS B IUIOLIMHI OOEPTaHHS CYMYTHHKA, TOMY BHMIpPIOBaHI
€JICKTPUYHI TOJIS BIAMOBIAAIOTH MPOEKIIii BEKTOpa EJIEKTPUYHOTO IMOJIsl Ha HaIpsSM aHTEHHU.
[Ipunyckaroun, IO eJNEKTPOCTATUYHI XBWJII MOLIMPIOIOTHCS MPUOIM3HO B3JOBXK JIHIH
30BHIIIHHOTO MAarHiTHOTO TOJIsI, OYyJIO MPOBEAEHO KOPEKIIO CIIOCTEPEKYBAHUX aAMILTITY/I
HUISXOM iX JiJIeHHS Ha KOCHHYC KyTa MK aHTEHOIO Ta MarHITHUM TIOJIEM.

Mix 8:20 ta 9:22 UT, cymyTHUKH 3HaXOIWINCS HENAJICKO BiJ MeEXl €IEeKTPOHHOTO
(GOpILIOKY, 7€ CIIOCTEPIraucs He3BUYaHO IHTEHCHBHI JIeHrMIOpiBCchKi XBuii (|E| > 40MB/wm).
['mubmme y dopromni aMITiTyan 3MEHITYBAJIACS 10 OUTHIN TUTIOBUX 3HAYCHB, MEHIIIE KIJTBKOX
MB/M, i mpotsrom uacoBoro inTepBanmy Big 9:25 mo 10:13 UT ammiitynu XBuiib Oynu
MPUOJIM3HO CTaIlIOHApHUMU. TOOTO TPOTATOM ILOTO IHTEpPBALY CEpPEIHE 3HAYEHHS Ta
JIMCTIEPCisl  CIIOCTEPEKYBAHUX aMILUNITY 3alHIIAIHCA JOCHTh CTaluMu. ABTopu [73]
CTBEP/UKYBAJIH, 1[0 CEPEIHE 3HAYCHHS Ta CEpeAHbOKBaapaTHuHe BiaxwieHHs IgW maroTh
CTEICHEBI 3aJIXKHOCTI Bij BijcTaHi 10 cymyTHHKA D, (BUKOPHCTOBYETHCS TaKOXK IMO3HAYCHHS
DIFF), sika BUMIPIOETBCS 3@ MOTOKOM COHSIYHOTO BITPY BiJ TaHT€HI[AIBHOI JIiHIi MarHITHOTO
noJisi, napayienbHo no JiHii 3emus-Conne. Y poboti [55] mokaszano, mo npu 00 €rHaHHI
JaHUX, SKI OynaM BHMIpSAHI y BEIHMKOMY fiama3oni 3HadeHb Df, posmominu IgW crarots
crerneHeBUMH. J1J1s TOTO, 11100 OIIHUTH Bapiaii BifacTaHi Dy, a Takok KOOpAMHATH (OPILOKY 1
yIapHOT XBHIII Ta il MOMEPEUYHUI PO3Mip, BUKOPHUCTOBYIOThCS (hopMmyiu, HaBeneHi B [118].
JlaHi mpo MarHiTHe moJje Ta JOOOBHUH THUCK COHAYHOIO BITPY Ha MepeiHil 4acTuHI yaapHOi
XBWI 3eMiTi 3 OTHOXBUJIMHHOIO PO3AUTHHOIO 37aTHICTIO Oyiio B3sTO 3 0a3u manux OMNI 3a
JonoMoror on-naiiHoBoro cepBicy CDAWeb. Xoua posnoaminu, oTpumani i KBasi-
crarionaproro intepBany 09:25-10:13 UTxe maroTh cTeneHeBUX XBOCTIB, Oy10 0OpaHoO 111e
Kopotmmii inTepBai, 9:25-9:47 UT ne Dr cyTTeBO HE 3MIHIOETHCS 1 JISXKUTH y Aiana3oni 1.6—
4.1Re.

[potsirom 1woro intepBany mnpunaaun WBD mnpamroBanm Ha TppoX 13 YOTHUPHOX
cynytaukiB CLUSTER. BuxopucroByBanucs nume pgaxi cynytHukiB CLUSTER 1 Ta
CLUSTER 3, tomy mo Ha 0uX JIBOX CYNYTHHKax MPHJIAAM MPALIOBATH B PEXKUMI
ABTOMATUYHOTO PETYTIOBAaHHS IIJCUJICHHS, KOJMW KOe(IIieHT TMiACHUIICHHS TMpuiiMava
peryoBaBcsl BIIMOBIIHO 10 aMIUIITY[, siki crocrepiranucs. Ha cymyrauky CLUSTER 4
KoeiIiEHT MiJCHIEHHs IpuiiMada OyB BCTAHOBJICHHWH Ha CBOE HalMEHIIE 3HaYeHHS (TOOTO
KOJICH TiJICUIIIOBAY HANpYrW He OpaB ydacTi y BUMIPIOBaHHSX), 1 JaHi, BUMIpSIHI B TaKOMY
pexuMi, HE WIOXOMATH JUIsl HAIIOTO aHaji3y, OCKUIBKHM Jiama3oH HaAIHHO BHMIPSHUX
aMILTITYZ] OyB Iy’Ke OOMEKCHHM.

JInst OLIHKK PO3MOJIy WMOBIPHOCTI €HEprid XBWib Oyio moOyaoBaHO CTaTUCTUYHUN
ancaMOGb cepenHix 3Hauens |[Ef° (E — Bigkoperosane 3HAYCHHS HAIIPY)KEHOCT] SICKTPUIHOTO
0J151) Ha KOXKHIM JECATUMITICEKYHIHIN TUISHIN. 3 HOT0 aHCaMOJII0 OYJIM BHIYUYCHI TIISHKH,
Ha SKHX BIJI4yBaBCs MOMITHUI BIUTMB IHCTPYMEHTAILHUX eeKTiB (iHTepdepeHIlis 3 30H1aMu
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npunany WHISPER, nacuuenns mnpuiimaya, abo 1mosiBa CHJIBHOTO IIyMy IIpH
nauckperu3ariii). Takox He BpaxOBYBaJIKCs BUMIPIOBaHHS, J€ KYT Mi’K aHTEHOIO Ta MarHiTHUM
nojem OyB OinbIuM Bif 75°. TakuM YUHOM IS JOCHIJKYBAHOI 1Mo/1ii B 0OpaHOMY 4acOBOMY
inTepBai (Big 9:2510 9:47 UT)6ymo otpuMaHo cTaTucTHUHuUE ancam6:ib i3 100273HaucHb.

JIiss BCTAQHOBJIGHHS BIiJIOBIAHOCTI OTPUMAHHUX [@HUX 3alpPOTIOHOBAHUM PO3MOJiIaM
IMOBIpHOCTI cmouaTtky Oyna moOyaoBaHa TicTorpamMa €HEpridi  OMHCaHOTO  BHUIIE
CTaTUCTHYHOTO aHcamMOiio 3 BUKOpHCTaHHAM Ny = 30 norapudmiyHo po30UTHX IHTEpPBAIIB.
BiamoBigHiCTh HAOMMKEHHS KOXHUM PO3MOIJIOM BH3HAYaTUMETHCS 33  JOTMIOMOTOIO
craTHCTHYHOTO Y —kpurepito sromu [119]. Hexait f(lgW) — Teopermunmii posmomin
iMoBipHOCTI Torapudmy eneprii xBuiai, W, — ieHTpr iHTepBaiB, hj — KIJBKICTh CIIOCTEPEKEHD
y KokHOMy iHTepBani, N = h, — 3arampHa KinbKicTh BuMipiB. Koim maHi po3nopisieHi 3a
nesauM 3akonoM f(IgW), To HopmoBaHa moxubka HaOIMKEHHS

> <\ [Nf(logw() - h
X _zl Nf (logw) (2.13)

€ BHIAIKOBOIO 3MIHHOIO, sKa Mae€ xz-pozno/:[in 3 KUIBKICTIO CTYIEHIB BUIBHOCTI
v=Np—Np—1, ne Np—KUbKiCTb BUIBHMX HapaMeTpiB (QYHKIIi, SKOIO HaOIMKAIOTh
posnozain. Takum YMHOM, yKa3aHa MOXHMOKa MOKe OyTH BUKOPHUCTAHA JIJISl TIEPEBIPKH TIIMOTE3H
Opo BIANOBIAHICTH JaHUX 3alaHii QyHKii posmoxiry. /lng mporo Tpeba MOPIBHATH
obunciene 3 (2.13)3HaucHHS X2 3 KPUTUYHUM 3HAYCHHSIM Y -pPO3MOJLITY, sz’m Ha oOpaHOMY
piBHI 3HAYYymOCTI 0. BiIXHMICHHS TaHEX Bi OYiKyBaHMX 3HAYEHD CIPHUHMHSE 3POCTAHHS -
MoXuOKH, TOMY 1i BEJNMKI 3HAUYCHHS BKa3yIOTh Ha HEBIAMOBIAHICTh JAHUX CIIOCTEPEKCHB
3ajaHiit Mozeni. SIKIo TecToBe 3HAYeHHs X7, 00UHCICHE 3a JOIOMOro (2.13), BUSBISEThCS
OUIBIINM BiJ sz,a — KPUTHUYHOTO 3HAYCHHS Xz-posno/:[iny, TO TIMOTE3a, IO J1aHl OMUCYIOTHCSA
3aganuM posnoaiioM f(logW), BinkumaeTbes 3 piBHEM 3HAYYIIOCTI L.

Ha puc. 2.5 nopiBHIOETBCS KPUTEPI 3TOAU 11 HOPMAJIBLHOTO PO3MOILTY Ta PO3MOALTY
[Mipcona IV Tumy mus IgW. IlltpuxoBoro JiHi€0 MOKa3aHO (YHKINIO PO3MOAITY, sSKa €
HaOJIMKEHHSM TiCTOrpamMH Jiorapu(MiB IHTEHCUBHOCTI XBWJIb HOPMaJIbHUM PO3MOIIIOM 3a
METOJIOM MaKCUMaJIbHOi mpaBaonoAiOHocTi. [IyHKTHpHA KpuBa TOKa3zye HaOIMKECHHS
posnoainom Ilipcona IV Tumy, mapamerpu sKoro 6ysio 0OUMCIEHO 3a METOJIOM MOMEHTIB, 1110
onucanwuii y [112]. 3rigHo 115010 METOY, CIIOYaTKy 0y/10 00YHCIIEHO MePIi YOTHPH MOMCHTH
porofiny, My,..., My, 3 YaCOBUX MOCHTIIOBHOCTEH 1 OTpUMaHi 3HAYEHHs ITiJICTABICHO IO
3arajJpHOro BUpasy st posnoainy IV tumy [114-115].

Toni 3 piBHOcTel (2.8) oTpumyroThesi BiAmoBimHI 3HaueHHs napametpiB [lipcona
f1=0.025Ta f> =3.133HauymiicTs skux Oyme oOroBopeHa Huk4e. CyiiibHa KpUBa Ha pUC.
2.5 Bignosigae HaOmwkeHHIO posnoxainoM Ilipcona IV Tumy 3 mapamerpamu, OTpUMaHUMU
METOI0M MaKCUMaJIbHOI MpaBaonoaioHocTi. TyT po3rnsaaerbes GyHKIISA X2- 10xu6KH (2.13)
JUIE KOHKPETHOTO BHIAJKY posnoainy IV Tumy Ta Ui rictorpamu, nodynoBaHOi Ha OCHOBI
eKCTIepUMEHTATbHUX HaHUuX. OCKUTbKHM po3nojin |V Tumy Mae ' siTh CTyNEHIB BUIBHOCTI, TO
3HaXOJMMO HaWKpalie HaONMKEHHS 3HAuYeHb ITATH HEBIIOMHUX IapaMeTpiB IIISTXOM
HeNMiHIAHOT MiHimizamil miei ¢ynkmii moxuoku [120]. Pesynbryrounii po3momin MiHiMi3ye
GYHKIII0 TOXMOKHM 1, TAKUM YUHOM, 3abe3mnedye Halkpaiie HaOMMKEHHS MO0 Xz TECTY.
[Tapametpu IlipcoHa, 1110 BIAMOBIAAIOTE IEOMY HAOIMKEHOMY PO3IOALTY, TOPIBHIOIOTH fi1 =
0.041ta p, = 3.228.

3 puc. 2.5 3posymizio, mo posmnonin Ilipcona IV Tumy pae 3Ha4Hy Kpamy SKICTh
HAOTMKEHHST HDK HOPMambHWH posmomin. Lle miATBepKylOTh 3HadeHHs X° , IO
BIJIMIOBIAIOTh TPHOM yKa3aHMM HaOmmkeHHsAM (Biamosigno 66.44, 26.6%a 20.88)./1s Toro,
1100 MiAKPECIUTH BIAMIHHOCTI MK PO3MOALIaMH SIK Ha XBOCTAaX, Tak 1 0111 MakcuMymy, Oyiio
BUKOPUCTAHO JIoTapu(MiuHM Ta JiHiIMHEMK MacmTadbu. Jlerko 6auntu, mo po3noAin IV tumy
HaOJIKae JaHi Kpalie BiJi HOPMAJbHOTO B YCbOMY Jiana3oHi €Heprid XBujb. 3HAYCHHS
KyMyJSITHBHOI (QyHKIiT posmoginy C = 1 — Prob f,° < X7, sxa Bu3Hauae iiMOBipHicTb
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BIJIMOBITHOCTI TAaHUX JCSIKOMY T€OPETUYHO Mepea0daueHOMY pO3MOILTY, s HOPMAILHOTO
posnoginy gocuts Mane (C = 2.1510°). ToMy npUIyLieHHs, O BAMIpsHi 3HaYeHHs |gW
PO3MOAICHI 32 HOPMAJbHUM 3aKOHOM MOJKHAa BIJIKMHYTH 3 DPIBHEM 3HAUYIIOCTI IMOHAM
99.99%.3 inmoro 00Ky, mus nBox BapiaHTiB posnoainy Ilipcona IV tuny C = 0.32 nusa
HaOJIMKEHHSI METOJJIOM MOMEHTIB (myHKTHpHA KprBa) Ta C = 0.651715 HaOIMKEHHST METOJIOM
MaKCHMaJIbHOI TpaBaonoaioHocTi (mrpuxoBa kpuBa). OTKe, CTATHCTUYHA TiloTe3a, IO
posnoziniom eneprii xBuii € po3noxin [lipcona IV tumy, He Moxke OyTH BiIKMHYTa HaBiTh Ha
piBHi 3HauymocTi 75%.

T R TT 1T R W R T TIT| S W AT . il Ll -

1P(E? @ Trey . (6)
0.1 4 = 0.3 —
0.01 = .

0.001 ~ i
00001 LLLLI BN L LN L) B B R LA I LELE ) | T LA R | T | A T o
0.001 0.01 0.1 1 0.01 ) 0.21 ,
|E?, MB7m? |E?,MB7M
0
a

Puc. 2.5. I'yctuna posmoxpiny imoipaocti (PDF) morapudmy ryctunm eneprii
JICHTMIOPIBCBbKOI XBWJI Ui iHTepBaiy wacy 9:25-9:47 UT 17mororo 2002 poky, Koiu
cynytaukun CLUSTER 3naxomumucst B enekrponHomy ¢opimomi 3emmi (YOpHI XPECTHKH).
HITpuxoBa IiHIA TOKa3ye HAOIMKEHHA ITaHUX HOPMAJIBHHUM pO3IMOJUIOM 32 METOJIOM
MaKCHUMaJIbHOI MPaBIOMOAIOHOCTI. CYNUJIbHA Ta MYyHKTHPHA JIHIT MOKa3ylOTh HaOIMKCHHS
posnoxinamu Ilipcona IV Tumy, oTpuMaHuMH BiJTOBIJHO 3 OI[IHOK MOMEHTIB €MIipUYHOTO
PO3MOIiTY Ta 33 METOJIOM MaKCUMAaJIbHOI TTpaBaomnoAi0HocTi. 1106 moka3aTu BiIMIHHOCTI MiX
pO3MOIIaMH SIK y XBOCTI, TaK 1 Mo0OJIM3y MaKCUMyMiB, BUKOPHCTaHO Jorapudmiyauii (a) Ta
niniHui (6) MaciTadw.

Jlo Takoro camMoro BHCHOBKY MOKHA NPHHTH BHUKOPHUCTOBYIOUH IMJAXIJ, OMUCAHUU Y
nornepegHpoMy miapo3aini. s qocmimkyBanux nanux napamerpu Ilipcona, po3paxoBani 3a
dopmymnamu (2.8), mopiBHoTh BiamosigHo A1 = 0.025Tta f; = 3.13. BignosigHi Toukn
noka3aHo Ha niarpami Ilipcona Ha puc. 2.3a-0 TpukyTHMKaMmu. Binctanb A0 TOUYKH, IO
BijnoBinae po3nonaury IlipcoHa, € TOCUTH BEIMKOIO, IO BKa3ye Ha BIAMIHHICTH PO3MOALTY
eHeprii XBwWJIi BiJ TorHOpMabHOTO. [lificHo, B 1iboMy Bumanky maemo G; = 0.16,G; = 0.13,
1 = 0.02 ta S = 0.05. [Ins meproro mapaMerpa BiJHOIICHHST HWOTO MOIYIMS 0
BIJIOBITHOTO CEPEAHHOKBAAPATUYHOTO BIAXWUJICHHS BHIE 6, a JUIs APYroro nopiBHIOE 2.7.
TakuM YHHOM, JaHi HE 3aJ0BOJIBHSIIOTH MepIiii 3 yMoB (2.12) 111 HOPMaIBLHOTO PO3MOILTY.

Tenep posrisiHemo HaOmmkeHHs po3noxaiioM Ilipcona IV Tumy, oTpuMmane 3a METOAOM
MaKCHUMaJIbHOI MpaBaoNoAiOHOCTI. 3HAYEHHS BIAMOBITHUX MapaMeTpiB NOpiBHIOWOTE G =
0.20,G; = 0.23,G1/Ss1 = 8.2,1a Go/S52 = 4.7.BiAnoBigHi TOUKK JaHUX MTOKA3aHO Ha Jiarpami
[Tipcona Ha puc. 3a-0 OJakKUTHUMHU XpecTUKamu. [[is mporo HAOIMKEHHS TOPYIICHHS
nepioi yMoBH B (2.12)0U1bII CYyTTEBE, HIXK Y IONEPEIHROMY BUIIAJIKY, & IPYra YMOBA TaKOXK
OymM3bKa 70 TOpYIICHHs. TakuM YMHOM, TINMOTE3Y, IO PO3MOJIN JorapudmiB eHepriii €
HOpMaJIbHUM, 0€3 CyMHiBY, oTpiOHO BiakuHyTH. HepiBHicTh Gi > 0 o3Hauae, 1mo peaabHUN
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PO3MOALT € aCHMETPUYHUM, MPUYOMY HMOBIPHICTh BIXWJICHb BiJ HAMOLIBII IMOBIPHOTO
3HAYCHHsI B O1K OUTHIIMX aMIUTITY ]l OUTbIINA, HDK y 01K MEHIITUX aMILTITY/.

Posmomin mis IgW wmoxe OyTH HOpMalbHMM 32 YMOBH 3aCTOCOBHOCTI Teopil
CTOXAaCTHUYHOTO 3pPOCTaHHS, J€ MPHUIYCKAEThCS, IO KIUIBKICTh (IYKTyalliil 1HKPEMEHTY
MPOTATOM XapaKTEPHOTO Yacy JKHUTTS XBHJI JOCTaTHS JUIS 3aCTOCOBHOCTI IIEHTPAIBHOT
TPAaHUYHOI TeopeMHu. AJle, sIK BUIIMBAE 3 TOMEPETHBOTO MIAPO3/IITY, YMOBH 3aCTOCOBHOCTI
i€l Teopii MOXyThb OYTH JOCHUTH KOPCTKUMHU. TakMM YHMHOM, MOXXHA CTBEpP/DKYBAaTH, IIO
CTIIOCTEPE)KYBaHHI PO3MOIII HE € HOPMAJIbHUM, OCKUIBKM ILIEHTPAJbHA T'paHHMYHA TeopeMa
HE3aCTOCOBHA JUIA PO3IJIHYTOI moAii. SIKIo 1e AiCHO Tak, TO eMIIpUYHUI PO3MOoNia Mae
3aJIe)KaTH  BiJl BEIWKOI KUIBKOCTI MapaMeTpiB, TakuX sAK e(QeKTHBHA KUIBKICTh
HeoJHOpinHOCTeH, ixHs popma Ta iH. Lleit po3nozain He Moxe OyTH ONMUCAaHUN HOPMAJIbHUM
3aKOHOM, OCKIJBKHM II€H 3aKOH HAATO MPOCTUH 1 3aJICKUThH JIUIIE BiJ] TBOX MapameTpiB —
cepenHboro 3HaueHHs Ta mgucnepcii. [1[o6 orpumaTu anmexkBaTHe HAOMMKEHHs, HEOOXiJTHO
BUKOPUCTOBYBATH CKJIaIHIII po3noainu. Knacudikariis, mo 6a3yeTbcsi HA METOAMII KPUBUX
[Tipcona, 3aneKHUX BiJ YOTHUPHOX MapaMeTpiB, 3MA€ThCA IIKOM aJeKBATHOIO Ul aHaJli3y
TaKUX JaHHX.

Ha >xanp, BumipioBanns npunaxy WBD BigOyBarotbest gocuth pinko. Lle ycknamHroe
MONIYK TOMIM, TPHAATHUX [JIs TPOJOBXKEHHS MOMIOHMX MOCHIKeHb. Asie Ha OopTy
cynytHukiB CLUSTER BcranoBnenunii iHmmi npunang — WHISPER,mo BuMipioe criektp
€JCKTPUYHOTO TIOJII 31 3HAYHO OUIBIIMM 4YacOBHUM IOKPUTTAM. 3ajada IOJabIIOTO
TECTYBaHHs pe3yJbTaTiB TeOpil CTOXaCTHYHOIO 3pPOCTaHHA, a TaKoX MPHIATHOCTI
kinacudikamii [Tipcora 10 po3moAUTIB aMILIITY T JIGHTMIOPIBCHKUX XBUJIb y (OPIIOKY 3emi,
oTpuManux 31 cnektpis npuianxy WHISPER posrisinaerbesa B HacTynmHoOMYy Higpo3.iii.

2.4. AHaji3 ekcmepuMEHTAJbHHMX JAaHuX, BuMipsaHux mnpuiaagom WHISPER
cynyrHukiB CLUSTER

Jani, mo aHami3ylOTCS B JTAHOMY MiApO3aiIi, Oyau OTpUMaHi 3a TOMOMOTOI TMPHUIamy
WHISPER, sxuii 3Haxonuthcst Ha 6oprax cynytHukiB CLUSTER.VY nacuBHOMy pexumi,
npuitax WHISPER Bumiproe npupoanuii (macMBHHI) CIEKTP EJIEKTPHYHOTO IO B
yacrotHomy niana3zoni 2-80 k[ [104]. KoxkeH CHEKTp OTPUMYEThCS 3a JIOMIOMOIOIO
MIBUJIKOTO TepeTBOpeHHss @Dyp’e€ BUMIPSHOTO €JICKTPUYHOTO TONS 3  MOJAIBIINM
ycepenHeHHsIM Ha OopTy cymyTHUKa. s MOCHiIKYBaHMX NOMIH KOXEH CHEKTp, SKUM
nepeaaBaBcs Ha 3emuto, OyB ycepemHeHHsM 16 a6o 8 mociigoBHUX crekTpiB. YacoBuit
iHTepBaJI MK JIBOMa IOCIIJJOBHUMHU BUMipamu ckianae 2.13 cek y HOpMaJbHOMY PEXHMI
pobotu npunany i Mmoxke 3meHIryBatucs 10 0.32cek B pekumi 3 O1IBIIIOI0 YaCTOTO0 BUOIPKH.

Jns neranpHOrO aHaizy Oyno oOpaHO KiibKa MOAiM, KOJIM 3HAXOJKECHHS CYIMYTHHKIB Y
dopiomi 0yn0 JOCUTH TPUBAJIMM, IHTCHCUBHICTD JICHTMIOPIBCHKHX XBHJIb MOTJIa BBaXKATHCS
CTaI[lOHapHOI, 1 He OyJlo 3HAYHHUX KOJMBAHb 30BHIIIHBOTO MAarHiTHOro mois. TecT Ha
CTaIliOHAPHICTh BHKOHYBABCS 32 JIOTIOMOTOI0 aHANi3y MOBEIIHKHA CEPEIHBOTO 3HAYCHHS Ta
mucriepcii norapudmy rycTHHM eHeprii. Takok HajaBanacs nepeBara pexumy 3 OLIBIIOO
YacTOTOI BHUOIpKH, 1mM00 MaTH OLIbINE JaHUX IS CTAaTHCTHYHOI oOpoOku. B Tabn. 2.1
HABEJCHO CIHUCOK IO/, ki OyJI0 00paHo IS TaHOTO JOCIIKEHHS.

Ha oniBiifi wacTtuHi puc. 2.6 TOKa3aHO CIEKTPOTpaMH JBOX THUIOBUX TIOMIN, sKi
cnoctepiranucs 14 motoro 2005poky ta 1 motoro 2003poky. Ha ciekrpanbHux aiarpamax,
noOJM3y eJEKTPOHHOI TUIa3MOBOi YacTOTH, MPUCYTHIA BY3bKOCMYTOBHM MaKCHMYM, SIKHI
BIJIMIOBiTa€ JICHTMIOPIOBCHKUM XBHIISIM. Leit Macumym 100pe BUIHO M1 BCIX TOCIIKYBAHUX
noxiit. Jlna moxii 14 mrotoro 2005 poky aKTHBHICTH IUTA3MOBUX XBWJIb Oyja HE3BHYANHO
CTalllOHAPHOIO, 1 J0 TOTO XK MNpUiaJ MPOBOJMB BHMIPIOBAaHHS B PEXHUMI 3 IMiABHILEHOIO
4acTOTOI BHOIpKU. TakuM 4MHOM, I TOAIS 17€TbHO TIIXOIUTh ISl TAHOTO JOCTIHKCHHS.
OO6ungi noxii, sIKi Moka3zaHo Ha puc. 2.6,0y1e BUKOPUCTAHO B MOAAIBIIOMY JUIS I€TATLHOTO
OTHCY TIPOIIeCy 0OPOOKU JaHUX.
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EdexTuBHY aMIUNTyly KOJIHMBAaHb €IEKTPUYHOTO Moyid £ MOXKHA OLIHUTHU 31 CIEKTPY
npuwiany WHISPER, inTerpytoun #ioro B niama3oHi 4acToOT, Y SKOMY CIOCTEpITalOThCs
JICHTMIOPIBCHKI XBUIII:

1/2

E=i[jf2|:2(f)df} , (2.14)

ne le — edextuBHa noBxkuHa anteHd, F(f) — crekTp eneKTpUYHHUX KOMWBaHL BUMIPSHHI B
B/Fullz, f; Ta f, — MiHIMaTbHA Ta MaKCUMaJIbHA YAaCTOTH, SIKi BU3HAYAIOTh IIUPUHY CMYTH, IO
BiJIMOBiIae JIeHTMIOpiBCbkuM XBWsiM. [lpunmang WHISPER BuxopuctoBye nBO30HIOBY
JIUTIOJIbHY aHTEHY, SIKa 3HAXOAUTHCS B TUIOIIMHI OOpETaHHs CYIyTHHKA 1 Ma€ TIOBHY JIOBXKHUHY
88 metpis. [Ipu 06poOIIi TaHWX TPHUITYCKAETHCS, M0 €(EeKTUBHA JOBXHHA aHTCHHU JOPIBHIOE
53 MeTpam, 3riHO 3 TEOPETHYHHM PO3PAaXYHKOM BHKOHAaHUM y [121] ans TUHOBUX yMOB
3eMHOr0 (hoprroky. JIiist KoskHOT moii Mexi iHTerpyBanus B (2.14)Bu3HauaioThCs 31 CIIEKTPY,
KM OTPUMaHO YCEPEeTHEHHSAM YCIX CHEeKTpiB 3a dac BiamoBimHoi mnomii. Ll mexi
BU3HAYAIOTHCS OHOPA30BO ISl OJHIET TOIT 1 Ha/laldi BUKOPUCTOBYIOTHCS ISl IHTErpyBaHHS
KOKHOTO OKpPEMOTr0 CIEKTpy TMOfii, 100 oTpumaTu Habip BiINOBIAHUX 3HAYCHBb
HANPYXKEHOCT1 eJeKTpUYHOro moust. [ JBOX BHINE3rallaHUX IOMAIA YCepeIHEHI CHEKTpH
NIOKa3aHo Ha npaiii yactuHi puc. 2.6.Yacroru fi Ta f, po3minieHi ciMeTpuYHO MO0 YaCTOTH
fo, ska BimmoBimae MakcuMyMy ycepemHeHoro cmekrpy. Ha wacroti f, ycepenmena
CHEeKTpaJlbHa T'yCTUHA MEHILIA B OPIBHAHHI 3 ii MakcuManbHuUM 3HaueHHsIM B 0.7 pasu. Toxi
yacrora f; 3HaxoauThCs sk cumerpuuna 1o T, momo fo: f1 =fo — (f2 —fo).

Tabmums 2.1
I[MapameTrpu noaiii, AKi BUKOPUCTAHO B TOCJiKEHHI
Jara, yac (UT) N2 At (c)° TpuBanicts noxii, XB. | fpe kK

1 17 mororo 2002, 09:25-10:13 374z 2.134 48 29.13
2 0Olmotoro 2003, 21:25-24:00 10590 2.133 180 16.44
3 0306epesns 2003, 17:08-17:23 654% 0.32 15 35.¢7
4 14 mororo 2005, 15:57-16:27 9181 0.64 30 23.66
5 28motoro 2005, 01:13-01:31 706¢€ 0.32 18 19.€9
6 28 moTtoro 2005, 01:39-01:53 7627 0.32 14 21.%2
7  28motoro 2005, 01:45-01:52 4017 0.32 7 21.3

%N —3arajbHa KiJbKiCTh BUMIpIB, fKi 6yJ10 BAKOPUCTAHO B CTATHCTHYHOMY JIOCIIIKEHHI.
b . . . .
At —iHTepBaJI Yacy MiX JIBOMA ITOCIIiIOBHO BUMIPSIHUMH CIIEKTPaMHU.

OIIHKY eNeKTPUYHOTO ToJisA, oTpuMaHi 31 crekTpiB npunany WHISPER,BinnosinawoTs
NPOEKI[ii BEKTOpa HANpPYKEHOCTI EJIEKTPUUYHOTO MOJsI Ha HAaNmpsAM BHUMIPIOBAIBHOI aHTEHH.
SIKII0 MPUITYCTUTH, IO JIGHTMIOPIBCHKI XBHJII TOIIMPIOIOTHCS B3J0BXK JIIHIM 30BHIIIHBOTO
MAarHiTHOTO IMOJIs, TO TOJI pealbHa IHTEHCUBHICTh eJIeKTpruHoro noiisi E; = E/COosy, ne o — e
KyT MK MarHiTHEUM ToJieM 1 aHTeHoro. KyT o po3paxoByBaBCs 3 BUKOPHUCTAHHSIM JTaHUX
YCepeaHEHOro 3a O00epT MAarHiTHOrO Mol 3 4-CeKyHIHOI pO3AUIBHOI 3IaTHICTIO,
BuMipsiHoro npuctpoeM FGM, sxuii Takoxx 3HaxomuBcs Ha Oopty cymyHTtHkiB CLUSTER
[97]. B nanux moChiPKEHHSX HE BPaxOBYBAJIMCS BUMIPIOBAHHS 3 3HAUYCHHSIM KyTa 78° <a <
102°, ockinbkH JUIS TaKWX KYTIB 3HAYCHHS KOCHHYCa JOCHTh Majie, 1 BiIKOPETOBAaHHM
3HAYCHHSIM CJICKTPUYHOTO TIOJIsl HE MOXHA JA0BipsTH (1uB., Hanpukiai, [10]).
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JlaHe craTHCTUYHE OOCHTIKEHHs 0a3yeThCcs Ha OLiHKaxX (PyHKIIH po3monity TyCTHHU
imosiprocti st Ig(W), ne W= [E* — e Beamumna, 1pornopuiiiHa 10 IyCTHHE SHEprii XBHIII.
Jliist Toro, mo6 3HaTH HalKpalie HaOIKEHHS eKCIIEPUMEHTATBHIX PO3MOALTIB IMOBIpHOCTI,
Oyso 3acTocoBaHo MeToauKy IlipcoHa, onrcany B ONepeIHbOMY MiAPO3 LI,

14 moToro 2005
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Puc. 2.6.YacroTHo-uacoBi cnektporpamu, otpumani npuiagom WHISPERY dopmorri
marHitochepu 3emini 14 motoro 2005 poky (BepxHiit pucyHok) ta 1 mororo 2003 poky
(HvKHIH prcyHOK). HampyskeHicTs eekTpuuHOro mons Bupaxeno B B/TuY?, pisens curnany
BHPAXKEHO KOMbopoM y b mozo pisast 107 B/I'ni*2. Bixnosizsi mkaim KOJIOPIB 300paeHO
nmpaBopyd Bij crekTporpam. [IpaBa maHenb MICTHTh CHEKTPH, YCEpPEAHEHI 3a BECh Yac
CIIOCTEPEIKEHHS MOIii.

IcHye aBa MOXIUBUX MiaXxoaw a0 kiacudikamii posmoxainiB. [Ipu mepmomy miaxomi
MOKHA 3pa3zy OLIHUTH KoedilieHTu f1 Ta f2 3 €KCIEPUMEHTAIILHUX JIaHUX, a MPU JAPYroMYy
MOYKHa 3HAMTH KiJIbKa alpOKCHMAIlill eKCIEPUMEHTAIbHUX JaHUX DPI3SHUMHU PO3MOJLIaMHU 1
noTiM oOpaTu PO3MOJILI, SKOMY BIANOBIZaE HaKpamia ampokcumaris. Jpyruid miaxif
BUMarae OUThINOT KITbKOCTI OOYHCIICHb, ajie BiH O€3yMOBHO OUTBIN HAIIWHUMN, 1 TOMY caMme BiH
BUKOPUCTOBYETHCS B JAHOMY JIOCIIIIPKEHHI.

Jlist koxHOI moii 0y0 3HaWIEHO METOIOM MaKCHMAaIbHOI MPaBonoAiOHOCTI HalKpaii
anpokenmanii  posnoginy f(IQ(|E)) tpsoma pisHMME po3mominamu: HOpPMANbHHM, f-
posnozinom ta po3noainom Ilipcona IV tumy. B pamkax meronuku I[lipcona 3 ypaxyBaHHSIM
KoedirienTiB piBHAHHS (2.7) HOpMAIBLHUN PO3IOIiT Ma€ BUTIIS/L:

f(x) :Wexp{— —);zboj (2.15)

[-pO3MOIiT 32/1a€THCS BUPA3OM:

f(x) = dx=x/*[x=x,|", (2.16)
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ne g= (b1 —x)/(b(X2 —%1)), h= (X2 —b1)/(b2(X2 —X1)), a posmomin Ilipcona IV tumy
BU3HAYAETHCS PiBHSIHHSIM:

_ 2 a2 \(2Dy) _ B X
f(X)—c(X +A)l ex;{ AD, arctng, (2.17)

e X =X + by/2by, B =by(1 + 1/(d,)), | A2 = by/b, — by?/(4b).

Sk 1 B momepeAHbOMY MiAPO3AUI, A TOro, mod oOpaTH KpuBY, sKa Haiikpaiie
alPOKCUMY€E EKCTICpUMEHTAIbHI JaHl, OyJI0 BHKOPHCTaHO )~ - TECT, SIK KPUTEPIH Kpamoro
HaOmokeHHs [119]. /liana3oH iHTEHCHMBHOCTEH CIIOCTEPEKYBAHUX XBUJIb OYJIO TOIICHO Ha
Np = 30 morapudmiuao po3OUTHUX IHTEpBAIIB, KOXEH 3 SKUX yMminlyBaB He MeHm HiX 10
To4ok. Haraaemo, 1o BiIXHICHHS JaHKX BiX OYiKyBaHUX 3HAYCHD CLIPHUMHSE 3DOCTAHHS -
MoXuOKH, TOMY i1 BETWKI 3HAUYEHHS O3HAYAIOTh, IO CIIOCTEPEKYBaHI JIaHI HE BIJMOBIIAIOTH
3aKiIageHiil Mogeni. SIkmo TectoBe 3HaueHHS X°, 0GUHCICHE 3@ JOIOMOTOK) (2.13), 6inbmie
HIK sz — KpUTHYHE 3HAYEHHS xz-noxn61<1/1, TO TIMOTEe3a, M0 JAaHi MAalOTh TaKUK PO3IMOILI
f(IgW), BinkumaeTbes 3 piBHEM 3HAYYIIOCTI (L.

byno BuUKOHaHO HENIHIAHY MiHIMI3alliiO X? MoXUOKH, 1, TAKUM YWHOM, OTPUMaH1 AaHi
Oynu HaOmmxeHi QyHkiismMu (2.15)-(2.17)3a METOJOM MaKCHMAJIBbHOI MPaBIONOAiOHOCTI.
Otpumani HaOJWKEHHS HaWKpalll B TOMY PO3yMiHHI, III0 BOHH BiJMOBIAI0OTh MiHIMAIbHIN
X2 MOXUOI T KOXHOTO po3moiiny. Pe3ynbratn HAOMMKEHHS JUIsl ABOX OOpaHMX MOMIN
MoKa3aHo Ha puc. 2.7.

IIII L IIIIlIII 1 IlIIIIII L Ll annin __I_I.Ll.l.l.l.||2‘ “"I.l.d 'llll.l.ld |||||I.l.d_I_LLI.Ll_
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0.0001  0.001 0.01 0.1 108 10° 104
a 0

Puc. 2.7. I'yctura posmoainy WMOBIpHOCTI Uit jorapudMy TYCTHHH €HeEprii
JICHTMIOPIBCBKHX XBHIIb, IO criocTepiranucs npotsrom 21:25-24:00UT hirororo 2003 (a)ra
npotsirom 15:57-16:27UT 14irotoro 2005 6), xoiu cynyrauku CLUSTER3uaxoaumucs B
obmacti enekTpoHHoro opiioky 3emii (xpectuku). HaOnuxeHHs METOIOM MaKCUMAaJIbHOT
MPaBJONOI0HOCTI HOPMAIBHUM PO3IOIJIOM MOKa3aHO MITPUXOBOIO JiHI€H. CyIUIBHOIO Ta
NYHKTUPHOIO JIHISIMH IOKa3aHO BIAMOBIAHO HAOIMKEHHS [-pO3MOIUIOM Ta PO3MOILIOM
[Tipcona IV tuny. Ha pucynky (0) cyiiibHa Ta MyHKTHPHA JIiHIT 37TMBAIOTHCA.

Bunno, mo p-posmomin Tta posmomin Ilipcoma IV Tumy paroTh CyTTEBO Kparie
HAOJTMKEHHS, HDK HOpManbHHMil posmomin. JlificHo, mist moxii 14 mororo 2005 poky X
noXHOKK Jutst fB-po3nojiny ta posmoxiny Ilipcona IV tumy (31.80Tta 32.19, BinmosiaHo)
npuOIM3HO TOPIBHIOIOTH OJIHA OJIHIN 1 MAIOTh MEHIII 3HAYSHHS, HIJK BIIMOBIHA MOXHOKA IS
HopMmansHOTO posmoaiay (49.43). BenwunHu 1ux 1OXMOOK — BIiAMOBITAIOTH  PIBHIM
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npasaononioHocti 0.868, 0.878a 0.996.TakuMm unHOM, TinoTe3a, 10 JIorapudm eHeprii
XBWJI PO3IMOAICHUH 32 HOpPMaJTbHUM 3aKOHOM, Ma€ OyTH BIAKHUHYTA 3 JAy’KE€ BUCOKUM PiBHEM
MPaBAONOMIOHOCTI, B TOW Yac SK piBEHb MNPABAOMOMIOHOCTI IS BIAKUIAHHS 1HIIHX
posnoainiB cyrreBo MeHImM. [ moxii 1 motoro 2003poky HaiimeHIIa X2-noxn6ka (41.72)
Bianosigae posnoziny Ilipcona IV tumy. [Toxubka nias HopMambHOrO po3noainy mae B 3.6
pasu Oijpllie 3HAYCHHS, 1 PIBEHb 3HAYYIIOCTI JUIsl BIAXWUJIEHHS BiJl TAKOTO PO3MOILTY IyXKE
OJIM3BKUN 1O OQUHUILL.

Pe3ynpTaTy CTAaTHCTUYHOTO aHAMI3y ISl BCIX MOJINA moaano y tabn. 2.2.[1pu mopiBHSIHHI
pe3yabTaTiB  ampoKCUMAIllil JaHUX PI3HUMH PO3MOJAUIAMH  CTa€  3pPO3YMUIMM, IO
CIIOCTEPEIKYBaHI JIaH1 3aBXAM Kpalle HaOmmkaroThes posnonaiiom Ilipcona IV tumy abo f-
pO3MOALIOM, HIX HOpManbHUM posnoainoM. s moxaii Nel 17 mororo 2002 poky rimoresa
npo Te, IO PO3MOJIIT € HOPMAJIbHUM, MOXE OyTH BIIKMHYTa 3 YK€ BHCOKHM pIBHEM
MPaBIONOIIOHOCTI, a TilmoTe3a, MO JIaHi BIANOBIAATH f-po3noairy ado posnoainy Ilipcona
IV Ttuny He Moke OyTH BiaKMHYyTa HaBiTh pu S0%cTymneH1 mpaBaono1iOHOCTI.

Tabmuns 2.2
Pe3yabTaTn anpoxkcuManii po3noaijiB JaHuX
X% —noxubka error PiBenb 3HaUymocTi & | Tun posmoziny
Jara mmomii 3 HaKpammm
p IV-tun = Hopwm. S IV-tun | HOpM. | a6 mmskennsam

17 motoro 2002  24.00 22.4Z2 49.12 0538 0.446 0.996 TiYA-
Olmororo 2003 | 91.96 41.72Z 149.§11.000 0.986  1.000 s
03 6epe3ns 2003 38.64  36.70 77.85 0.970 0953 1.000 vt
14 mororo 2005 31.80 32.19 4943 0.86¢8 0.878 0.996 B

28 mororo 2005 82.52, 62.55 68.16 1.000 1.000 1.000 TiY-
28 mororo 2005 89.27, 95.3& 186.181.000 1.000 1.000 S

28 mororo 2005 36.89 35.12 91.50 0.9%5 0.933 1.000 T -

N oo WN PR

[Moxii 1 arotroro 2003poky (Ne2) ta 28 motoro 2005 Ne5) nanexats g0 1V tumy, a s
BCIX IHIIMX PI3HUI MDK SKICTIO HaOMMKeHHA f-po3mnoziniom Ta posnoxaiioM [lipcona IV
TUITY JIOCHTh HE3HAYHA.

3riiHo Teopii CTOXaCTUYHOTO 3POCTAHHS, PO3MOJIUI T'YCTHMHH IMOBIPHOCTI Jorapudmy
EHepTii JEHTMIOPIBChKUX XBWJIb y (opiiori MarHiTochepu 3emiti BiIIMOBIa€ HOPMAITbHOMY
posmoniy [11]. Ileit pe3synpTar € TpPSAMUM HACHIAKOM MNPUMYIICHHS, IO MaKeT
JICHTMIOPIBCHKUX XBHJIb TIPOXOJIUTH Yepe3 BEIIMKY KUIbKICTh HEOJHOPIAHOCTEH KOHIIEHTpaIlii
IUIa3MH 3 Pi3HUMH €()EeKTHBHUMH 1HKpEMEHTaMU/IeKpeMeHTaMH, JIorapu(M eHeprii XBUIli €
CyMOI0 e(EeKTUBHHMX IIiJICUJIEHBb, fKI BIAMOBIIAIOTH HEOMHOPITHOCTIM, 1 Ui Ii€l CyMH
3aCTOCOBHA LIEHTpaJIbHA IpaHnYHa TeopeMa. OQHAK pe3yabTaTu HAOIMKeHb, 310paHi B Ta0II.
2.2, 5CHO BKa3ylOThb Ha T€, IO JUIsl BCIX OOpaHUX MOJiH, SKI MOXKYTh BBa)KaTHCS TUIIOBUMH
JUISL NIEKTPOHHOTO (OPIIOKY MarHiTochepu 3eMili, almpoKCUMAallis HOPMaJIbHUM PO3MOIIIOM
JIa€ TIpIIUK pe3ysbTat, HiK HAOMMKEeHHS f-po3noaiiom un posnoaiioM [lipcona IV tumy.

LinkoM po3ymisio, YOMy HOPMAJIbHUHM PO3MOJLI 3arajioM Ja€ TipIly SIKICTh HAOIMKEHHS
HDK f-posnonin ta posnoxin Ilipcona IV tumy. HopmanpHuii posmomin mae jumie aBsa
BUIBHUX MapameTpu (CepeiHe 3HAUCHHS Ta JHUCIEPCii0), TOMY BiH HEJOCTATHBO THYYKHH IS
TOTO, IMOO aJeKBAaTHO BPAXOBYBAaTH BCI MOMJIMBI OCOOJMBOCTI TYCTHHH PO3IMOALTY
iMOBIipHOCTI (Hamp., aCHMETPIl0 Ta ekciec); f-po3noain ta po3noxin [lipcona IV tumy maroTh
no 4 BITBHUX MapaMeTpH, TOMY BOHH SIBJISIOTH COOOI OLIBIN 3arajibHi Mozem. [HmmMu
cioBamMH, (GopMa HOPMAJbHOTO pO3MOAUTY (ikcoBaHa, B TOH yac sSK (Gopma JIBOX IHIIUX
pO3MOAUIIB 3aleKUTh BiJ JBOX TMapaMeTpiB 1 Moxe OyTH 3MiHEHa. 3 PO3TISHYTHX
EKCIEPUMEHTAIbHUX JaHUX BHUIUIMBAE, IO B €IEKTPOHHOMY (hopmroni 3emiti, BUKOPUCTAHHS
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HOPMAJIBHOTO PO3MOJUTY HEIOCTATHE HJISi ONMUCY CTATUCTHYHUX OCOOJIMBOCTEH eHepriit
MJIa3MOBHX XBUJIb, 1 17151 OUTBIII IOBHOTO OMUCY HEOOX1AHO PO3TIIAIATH CKIAIHIII PO3TOILIIH.

IcHye KiTbKa IPUYMH, BHACIIIOK SKUX TEOPis CTOXaCTHYHOTO 3POCTAHHS HE BUKOHYETHCS.
[Tepur 3a Bce, sIK yke BiI3HAYAJIOCS B MOMEPEAHIX MIAPO3/a1JIax, HEOAHOPITHOCTI IJIa3MH, SIK1
3yCTpidae MakeT XBWJIb, BIUIMBAIOTh HA aMIUTITYAY XBWJII HE JIUINE 32 PaxyHOK Bapiarlii
e(hEeKTUBHOTO 1HKPEMEHTY, a TaKOX 3aBIsAKH 3MiHAM TpyNoBoi mBHAKOCTI. Lleit MexaHizm
MOYX€E CYTTEBO 3MIHUTH (pOPMY XBOCTa PO3MOITY, SIKHH BIJMOBIAE BEIMKHM aMILTITYIaM.
OpmHak 11s MOJIiN, SIKI BUBYAIOTHCS B JAHOMY MIIPO3LTi, aMIUTITYAX XBUJIb Maji, i He Oyi0
3HaWJICHO J10Ka3iB Ha KOPUCTh ICHYBaHHS CTETICHEBUX XBOCTIB PO3MOILTIB.

Jpyra npuunHa TMOB's3aHa 3 HEMHIMHUMU edeKTaMu, IO MOXYTh OOMEKYBaTH
HApOCTaHHS aMILTITYynu. Jlo TakuX eeKTiB HaJIeKHUTh, 30KpeMa, |-S po3naa JeHrMIOpiBCHKIX
xBuwib. [li edbextn GopmMyrOTh MOCUTH pi3KkuMid cmaa abo BIACIYKY Yy BHCOKOAMILTITYIHIN
YacTUHI po3monaiay — auB., Hamp., [11, 60]. V momisx, mo JOCTiKyBalIucsi B JaHOMY
MiIpO3AUT, MaKCUMallbHa aMIUTITYJa XBUJb Oylia 3HaYHO HUKYOI 332 TEOPETHYHHH IOpir
HeniHiHocTi. 3a oninkamu [60] el mopir ckiamgae Kiabka MB/M i THIIOBHX mapaMeTpiB
mia3Mu B 3eMHoMY Qopmorni. Kpim Toro, mepeBipka OTpUMaHUX PO3IMOALTIB HE BHSIBUIIA
TaKUX OCOOJIMBOCTEH, fK pi3kui cmax 4yu Biaciuka. Omke, B OOpaHHX MOMISX MOKHA
3HEXTYBATH HEIIHIMHUMH epeKTaMu.

Tpers mpuurHa MOB’ s3aHA 3 TEIJIOBUMH XBUJISIMH, SIKI MOXKYTh OYTH CYTTEBUMHU SIK Y
COHSYHOMY BITpi, J€ aMILTITYAH JICHTMIOPIBCHKUX XBHJIb MaJli, TaK 1 Ha Mexki (opmioky [76].
Jliist Toro, 00 BU3HAYUTH, YA MOXKYTh TETLJIOBI XBHJII BIUTUBATH HA JTOCIIHKYBaHI PO3MOIIIH,
OyJ10 3p00JICHO OIIHKY TEIJIOBOTO PiBHS JIEHIMIOPIBCHKUX XBHJIb 31 CITIBBIIHOIIIECHHS .

, kT,
Eotn = 6PN

ne En — e CePENHBOKBANPATHYHE CEPEJIHE 3HAUCHHS HANPY>KEHOCT1 TETUIOBOTO TOJs, Ap —
nebaiBChbKUM  pajlliyc eNeKTPOHa, 1 BUKOPHCTOBYEThCS MPUMYIICHHS, [0 HAWOLIHIINAN
XBHJIbOBUII BEKTOp, MpH sIKOMY 3racanHs Jlanmay oOpi3ae crekTp, JAOpPiBHIOE Kmax= 1/p.
TemnepaTypu Tu1a3Mu OyJIO B3STO i3 CYNYTHHUKOBUX JaHUX HA TMEPEAHIM 4YaCTHHI yJapHOI
XBHITI 3eMJTi, 1110 OTpUMYyBaucs depe3 KoxkHi 5 xpuiaud (6asza qanux OMNI). Toctym 10 nux
naHux 3a0esneuyeTbes oH-nmaH cepBicom CDAWeb facility. Byno 3naiineno, mo s
OULTBIIOCTI TOMIM aMIUTITYAM TEIJIOBHUX XBWJIb 3HAYHO MEHIII BiJ MiHIMaJIbHOI BUMIPSHOT
aMILUTITYM JICHIMIOPIBChKMX XBWIb. Asie mist moxii N0.3 (3 6epesust 2003) ta No.4 (14
motoro 2005) edeKT TEILIOBUX XBHIb MOXKE OYTH BaXJIMBUM, OCKLIBKH 3HaueHHs |Eqf,
OTpPUMaHe 3 OIIHOK, OJIM3bKE /O BIAMOBIJHOTO MaKCUMyMYy PpO3MOALUIIB (3 TOYHICTIO IO
MHOXHHKa ~ 8-10).3 iHmoro 00Ky, HaBITh IS MUX TOIiH, JCHTMIOPIBChKI XBHIIi, OUYCBHIHO,
TeHEepYBAIMCSA 32 MEXaHI3MOM IIJIa3MOBO-IIY4KOBOi HecTiiikocTi. JliiCHO, crmocTepexyBaHi
PO3MOIIIN JOCUTh CHMETPUYHI, B TOM Yac K PO3MOJLI JIJIT YUCTUX TEIJIOBUX XBHJIb MICTUTh
CTETICHEBY YACTHHY B O0JacTi HM3BKHUX aMIUTITYA 1 €KCIMOHEHIIaNbHUU XBICT B 00JacTi
BeNMKKMX aMIutiTyx [11], BHACTIZOK YOr0 yTBOPIOETHCSA BKpall HECUMETPHUUHUIN PO3IIOMLT IS
Jorapudmy eHeprii XBUIIL.

YerBepTra mpUYMHA MOXJIMBUX BIAMIHHOCTEH CIIOCTEPEKEHb BiJI MPOTHO3Y CIPOIICHOI
TEOpil CTOXACTUYHOTO 3POCTAHHS IOB'sA3aHAa 3 HE3aCTOCOBHICTIO IICHTPAJIbHOI T'PaHUYHOI
teopemu. JlificHo, mpuramgaemo, mo moBHui npupict eneprii G = Ig(WWp), ne Wp = const,
MOe OYTH 3aliCcaHo SIK CyMY NPHUPOCTIB, JIe KOXKEH AOAAaHOK CYMH BIiJIIOBIJa€ iIKPEMEHTY Y
baykTyarii, SKy 3ycTpidae Ha CBOEMY NUISIXY JICHTMIOPIBCBKHU MakeT. ABTOpPH Teopii
CTOXaCTUYHOTO 3pOCTaHHs [/2] NPUIYCKAarOTh, IO TUIMOBA KiJIbKICTh TaKHX (IIYKTyawid
Tpoxu nepebibinye ~ 10y dopmroni 3emmi. Ane, BUXOAS4d 3 OTPUMAHUX HAMH PE3YJIbTATIB,
B OUIBIIOCTI BMMAJKIB II€ YHUCIO HEJIOCTaTHE M TOro, MO0 «PO3MHUTH» CTaTHCTUYHI
BJIACTUBOCTI JIOJAHKIB y CyMi, TOMY HOPMaJIbHUHN PO3MOALT HE AocaraeThes. Lle miarBepmkye
TaKOX YHMCIIOBE MOJICJIIOBAHHS €BOJIONI] CHEKTPalIbHOI T'YCTHHHM €HEpTii JIEHIMIOPiBCHKUX
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XBWIb JUISL PI3HOT KUIbKOCTI (piykTyamii e(peKTHMBHOTO I1HKpPEMEHTY, fAKi 3ycTpiuvae
XBHJILOBHH MakeT (IuB. miapo3aia 2.2).

Jlane moCiPKEHHST Ma€ CYTTEBI BIIMIHHOCTI BiJl MONEPEIHIX JOCTIKEHD 1HIIUX aBTOPIB
[10, 73].

— [epm 3a Bce, y AaHiif po6OTi OynI0 MPOBEACHO aHANI3 JOCUTh BEIHUKOI KiITBKOCTI TOTIH.
I{i moxii crocTepiragucs B pi3HI POKU CIOCTEPEKEHb, MAIOTh PI3HY TPHUBAIICTh, CEPEIHIO
IHTEHCHBHICTh XBHJIb Ta IUTA3MOBY 4acToTy (auB. Tadm. 2.1).

— MacuBu gaHuX I KOXKHOI IMOJii MICTHUJIM BEJIHMKY KUIBKICTh 3Ha4eHb. Kpim ToroO,
KO)KHE TaKe 3Ha4eHHs OyJ0 OTPUMAHO 31 CIEKTPY, SKUU € pe3yiabTaToM ycepeaHeHHs 8-16
MOCJTIIOBHHUX CITEKTPIB.

— byno mpoBeneHo HAOMMKEHHST PO3MOMLTIB IHTEHCUBHOCTEHW XBUJIb BIIMIHHUMH BiJ
HOPMAaJILHOTO po3nojiiamu. JloTernep HaOIMKEHHS €KCIEPUMEHTATbHUX TaHUX MPOBOJIUIN
JMIIE HOPMAJIBHUM PO3IMOJITIOM 1 3HAXOAWIHM JAESKY BIIMOBIIHICTH TEOPii CTOXACTUYHOTO
3pOCTaHHSI Ta EKCIEPUMEHTY. Y I[bOMY JOCTIXKEHHI TPOBEICHO IOPIBHAHHSI HAOIMKCHBb
HOpMabHUM, f-po3noaiiom Ta po3noiiaom [lipcona IV tuny. [lokaszano, mo s ycix mofii
ampokcuMallist f-posnoauiom Ta posnonisiom Ilipcona IV tumy mae MeHmry xz-noxn61<y HIK
anpOKCUMALlisl HOPMAJIbHUM PO3IIOALIOM.

2.5.BucHoBKkH 10 po3ainy 2

By1o po3pobieHo uncioBy MoieNb MOMUPEHHS XBUJIb Y IJ1a3Mi 3 HEOJHOpinHOCTAMU. L5
MOJIEJIb OINKCYE JIHIMHY B3a€MOJIII0 TTAKETIB JICHIMIOPIBCHKUX XBUJIb 3 €JICKTPOHHUM ITYYKOM
y BUIAJIKOBO-HEOJHOPiAHIN mMia3mi. byno B3ATOo 10 yBaru 1Ba edeKkTH. KyTOBY Audy3ito
XBUJILOBOTO BEKTOpa Ha (IYKTyallisiX KOHIICHTpAIlli Majoi aMIUNTYAd Ta MTPHIYIICHHS
HECTIMKOCTI, TOB’5i3aHE 3 BHUXOJOM XBWJII 3 PE30HAHCY 3 MYYKOM I Yac MPOXOJKEHHS
GbayKTyaIii KOHIIEHTpAIlii TOPIBHSHO BEJIMKOT aMILTITY/IH.

Kopucryrouncey wmiero Monemto, Oylo TOCTIIKEHO MPOCTOPOBY €BOIMIOLII0 (popmu
XBWJILOBOTO TAKETy B IuIa3Mi 3 mydkoM. OTpuMaHi pe3yiabTaTd OyJIO BHUKOPUCTAHO IS
MO/JICIIIOBAHHSI CTOXACTUYHOTO MpOIeCy THUIy APOOOBOTO HIYMYy, SIKMH CKIQJaBCsA 3 TaKUX
nakeTiB. [y aHamizy pe3ysnbTaTiB YMCIOBOTO MOJCTIOBAHHS Ta €KCIIEPUMEHTATBHHUX JTaHUX
Oyno BukopucTaHo Meroauky IlipcoHa, 100 BHU3HAYUTH THUI PO3MOJIUTY CIEKTPaIbHOI
ryctuHu eHeprii. L{g meTonuka miaxoauTh I PO3MOAUIIB 3 OJHUM €KCTpeMymoM. BoHa
0a3yeTbcsd Ha OIHII MEPUIMX YOTHPHOX MOMEHTIB EMIIIPHYHOTO PO3MOJLTY 1 31A€ThCS
ONITUMAITLHOIO TS OTTUCY KOCMIYHUX €KCIICPUMEHTAIBHUX JaHHX.

3 IaHOTO TOCTIIKEHHSI MOKHA 3pOOUTH TaKi BUCHOBKH:

1. Byno nmokasaHo, 1o K €KCIIePUMEHTAILHUN PO3IOALT, OTPUMAHUMN TSl OJTHI€T moIii Ha
ocHoBi BuMipiB mpwiagom WBD cynyraukie CLUSTER fmB. migposzmin 1.5), Tak i
pO3MOIiIM, OTPUMAaHI NUISIXOM MOJICTIOBaHHS, I Jiorapudmy eHeprii XBWIII, HaJeXaTb
ckopimme 1o posmoxiniB Ilipcoma |V Tumy, HDXK 10 HOPMAaJIbHHMX pPO3MOALTIB, SKi
nepeabavaroThes B pobdorax [11, 72]ta mogaHux TaM MOCHITaHHSX.

2. Ha ocHOBI aHami3y AaHUX BUMIPIOBaHb Ta PE3YJIbTaTiB MOJETIOBaHHS IOKa3aHO, II0
TOJIOBHOIO NMPUYUHOIO (HOPMYBaHHS CKIIAQTHIMIUX BiJ] HOPMAJIBLHOTO PO3MOJLUIIB € HEBEJIHKA
KUTBKICTh €()eKTUBHUX OO0JIACTEH, Y SIKUX MiJACHIIOEThCS XBWIA. TOMy LIEHTpajbHa TpaHUYHA
TEOpeMa € HEe3aCTOCOBHOKO 32 THIIOBUX YMOB eJIEKTpOHHOro (opmioky 3emmi. Y oMy
BUMAJIKY CTaTUCTHYHI BJIACTUBOCTI PO3MOLUIIB €HEeprii XBHJI 3ajieKaTh BiJ 0COOIMBOCTEH
cucTteMu, 30KkpemMa, (opmu TpoduUTIB IHKpEMEHTY, €(EeKTHBHOI KITBKOCTI oOjacTeil 3
JOJJaTHIM 1IHKPEMEHTOM Ta iH.

3. Taki xapaKTepUCTUKH PO3MOJILIIB, IK MOMEHTH BUIIUX TMOPSAKIB Ta KyTOBa IIUPHUHA,
MOXYTh OyTH BHKOPHCTaHI JJsi OIIIHKM BIJHOCHOI poJii KyToBOi au¢ys3ii, 110 BHHHUKAE
BHACIIIJIOK TPUCYTHOCTI (IyKTyarii KOHIIEHTpaIlii MaJioi aMIUNTYyId, Ta XapaKTepHOI
KUTBKOCTI 00J1acTeit 3pOCTaHHs/3racanHs aMILTITY I XBUJI1 B3JOBXK 11 TPAEKTOPii, SKIIO I1i ABa
e(eKTH € MepeBaAKAIOUNMH.
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4. ]Inst BENMUKUX aMILUTITY]l TOKa3aHo, IO CTENEHEBUI XBICT PO3IMOALTY MOXKE BUHUKATH
BHACIIJIOK Bapiamii aMIuIiTyl XBWJIb 4Yepe3 3MiHy TPYMOBOi IIBUIKOCTI B HEOJHOPIAHIN
1a3Mi, 30KpeMa, 3aB/ISKH BiIOUTTIO XBHIIb BiJl HEOJHOPITHOCTEH.

5. ByJio BUKOHAHO CTaTUCTHYHE JOCTIIKCHHS T'yCTHH €HEprii JJEHTMIOPIBCHKUX XBHWJIb Ha
ocHoBi BumipiB mnpunany WHISPER, mo Takox 3HaxomuThCsi Ha OOpTY CYMYTHHKIB
CLUSTER f(@us. migpo3min 1.5), B obmacti enekTpoHHOoro ¢opinoky maraitochepu 3emi. 3
JAHUX 3a KiJIbKa POKIB CHOCTEPEXEHb Ul JEeTaJbHOTro aHamizy Oyjao oOpaHO CiM THUIOBHX
nofiii (mquB. Ta6a. 2.1) 3 pi3HOIO TPHUBATICTIO 1 CEPEAHIM 3HAYEHHSAM HAMPYKEHOCTI
eJIeKTpUYHOro mojs. byno mokasaHo, mo s oOpaHuX MOMIii HaﬁKpamzf aIpPOKCHMALIIIO
GYHKIIIT TYCTHHU PO3MOAUTY HMOBIPHOCTI JIorapudMy €Heprii XBUJIl MO0 ) -TIOXUOKU JTal0Th
abo posmoxain Ilipcona IV tuny, abo f-po3nofisi, a He HOPMAIBHUN PO3MOALT (HeTanbHiIIe
IHB. Tabm. 2.2).

6. TakuM YMHOM, JUIsI KOPEKTHOTO OMUCY PO3MOJLTY JIorapu(My eHeprii JeHIMIOPIBCbKHX
XBWJIb B CICKTpOHHOMY (dopmroni 3emili BHKOPHCTaHHS HOPMAJIBHOTO  PO3IMOALTY
HeocTaTHbO. el po3noain 3aueXuTh JIMIIE BiJ ABOX MapaMeTpiB, CEpPEeIHHOI0 3HAYCHHS Ta
JUcIiepcii, BiH GOPMYETHCS JIUIIIE 32 YMOBH 3aCTOCOBHOCTI IIEHTPAILHOT TPAHUYHOT TEOPEMH 1
€ HEIOCTaTHhO THYYKUM Ui ONHUCY JOCHIKYBaHUX JaaHuX. HeoOXiHO KOpuCTyBaTHCA
CKJIQTHIMUMU (DYHKIISIMA PO3MOJALTY, SIK Hampukiazn, posmnoaiaoMm [lipcona IV Tuny ta f-
PO3MOALIOM, BHACHIIJOK IXHBOI OULTBIIOI YHIBEpCAJBHOCTI B MOPIBHSAHHI 3 HOPMaJbHUM
PO3IIOIIIOM.
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CHAPITRE 3/ PO3A1J1 3

HECTALIOHAPHICTH TA XBUISACTICTH KBA3I-IIEPIIEHIUKYJISAPHOI
OBJIACTI YIAPHOI XBHJII 3EMJII: BUMIPIOBAHHS CYITYTHUKIB CLUSTER

JHoci iHdopMmaliisi CTOCOBHO PI3HHUX MPOSIBIB HECTAIIOHAPHOCTI (PPOHTY ymapHOI XBHIII
Oyna oTpuMaHa MEpIl 3a BCE 3 YHMCIOBOTO MojentoBaHHs (auB. Orisa JiTepaTypH), IO
JTIO3BOJISIIIO TIPOCTIAKYBATH YacOBY E€BOJIOLII0 Ta MPOCTOPOBY CTPYKTYPY YAApHOI XBHIIL 3
JOBUIBHOIO PO3AUIBHOIO 3/1aTHICTIO. CyTTEBOI OCOOJMBICTIO KOCMIYHHX EKCIIEPUMEHTIB €
0OMEXEHICTh MPOCTOPOBOI PO3AUIHHOI 3/IaTHOCTI BEIMKOKO BIJICTAHHIO MK CYITyTHHUKaMHU.
Bona moxe OyTu HanTO BENMKOIO [UIs TOro, MO0 MOXXHAa Oyjno oTpuMmatu Oynb-sKy
iHpopMaIlifo MmOoA0 TOJIB MK CyNnyTHHKaMu. Hampukian, Biggaab MiX CYIMyTHUKaMH
3miHoeThes Big 100km 1o 10000xm y mpoekti CLUSTER, B 10i1 uac, sik Tunosa mmpuHa
KBa3IMepIeHAUKYIApHOI yaapHoi XxBwimi ckiamae Oimsgs 600 km. Xoua, KOJIM CYIMyTHUKH
3HAXOJAThCA B €NEKTPOHHOMY (OPILOL, ICHYE HEMPAMUI METOJ TUCTAHIIHOI 11arHOCTUKH
MOBEPXHI yIapHOT XBHJII IPOTITOM JOCHTH JOBIHX iHTepBatiB vacy (muB. [13] Ta merami maii
B Tekcti). Lleid meTon 0a3yeThcs Ha aHami3i BUCOKOYACTOTHUX (DIYKTyalliil eNeKTPHYHHX
TIOJTIB, 1110 BIJMOBIIAlOTh JICHTMIOPIBCHKHM XBHJISIM Ta XBHJISIM, 3CYHYTHUM IIOJI0 HUX yropy Ta
BHU3 32 4acToTO0. L{i ocTaHHI XBWIII T€HEPYIOThCSI HAATEIIJIOBUMHE €JICKTPOHAMH, BiIOUTUMU
yIapHOIO XBUJICI0 B HAnpsMKy COHIIS B3IOBK CHJIOBHX MAarHiTHUX JiHiHA (quB., Hamp., [122-
124]ta nogaHi B uX CTaTTIX nocuianus). Jedopmanis GpoHTY yaapHOT XBHIII Ma€ CYTTEBO
3MIHIOBaTH XapaKTePUCTUKH IMX IIOTOKIB, $Ki, B CBOIO 4Yepry, MOBHHHI 3MIHIOBaTH
CIIOCTEPEKYBAHHUI CHEKTP €JIEKTPHUYHOTO MOJIS.

B 11p0My po311is1i BUKOPUCTOBYETHCS 3raflaHui METOJ| TUCTAHIIMHOI 11arHOCTUKHA (POHTY
yoapHOi XBWJII 1 TIOAAaHI pe3yabTaTd CTATUCTUYHOTO JOCTIJDKCHHS TPHUXOBAHUX
NEepiONYHOCTEH BUMIPSIHUX 1HTEHCHUBHOCTEH JICHTMIOPIBCHKUX XBHJIb. ['OJIOBHOIO METOIO
IIOTO PO3ALTY € BUBUEHHS MPOCTOPOBO-YACOBUX OCOOJMBOCTEH HECTAIIOHAPHOCTI (POHTY
yOapHOi XBHJII Ta TIOMIYK EKCIEPUMEHTAIBHOIO MiATBEPKEHHS XBHIISCTOCTI Ta/abo
3MOPIIKYBaTOCT1 (GpoHTY ymapHoi xBuii. [Tigpo3ain 3.1 mpucBsiUeHO OMUCY OOpaHMX JaHUX
Ta mpoueaypi ix o0pooku. [HTepnperanis Ta 00TOBOPEHHS OTPUMAHUX PE3yJbTaTiB OMUCAHI Y
nigpo3aim 3.2. BUCHOBKM 10 TPETHOTO PO3ALTY HaBEJAEHO B Miapo3auti 3.3.

3.1. Bin6ip nanux nmpuiaaxy WHISPER cynyraukie CLUSTER aasi pociinkeHHs
HecTalioHapHOCTI (PpoHTY yaapHoi xBuJi 3eMuti Ta mpoueaypa ix o00pooxu

[psimi cnocTepexeHHsT XBUISICTOCTI Ta/abo 3MOpPIIKYBAaTOCTI (DPOHTY yHapHOi XBHII 3
OOpTYy CYNMYTHHKIB € JOCUTH CKJIQJHOIO 3a/1auelo, OCKUIBKHA THIOBHH Yac MEPETHHY (PPOHTY
yIapHOT XBWJII CKJIaJa€ KijbKa HUKIOTPOHHUX mepioxiB. Llei yac mopiBHIOBaHUN a00 HaBIiTH
MEHIITUK BiJI OYIKYBAHOTO XapaKTEPHOTO YACOBOTO MacmTady XBHWJISICTOCTI, W JOBXHHA
KOTE€PEHTHOCTI LIOTO MIPOIeCy MOXe OYTH MEHILIOIO 3a BiJICTaHb MK CymyTHUKamHu. Tomy
BKpail CKJIAJHO CKOPUCTATUCh OCHOBHOIO IMEPEBarol0 0araTOCyIMyTHUKOBUX BHMIipIOBaHb —
MOXJIMBICTIO PO3JIJICHHS IPOCTOPOBHUX Ta YacOBHMX Bapiamii ¢izuuHux BenuuuH. [is
3HAXO/PKCHHS TEPEKOHJIMBUX JOKa31B ICHYBaHHS XBUJISICTOCTI @00 3MOPIIKYBAaTOCTI (PPOHTY
yJIapHOI XBWIII 0a)XaHO CIOCTEPIraTH 3a €BOJIIOLIEI0 (PPOHTY MPOTATOM TPUBAIUX IHTEPBAIIB
Yacy, 3HaYHO JOBIIMX BiJl 10HHOTO IIMKJIOTPOHHOTO Tepioay. Ha miactsi, KOJdu CyIyTHHKH
3HAXOJAThCA B EJIEKTPOHHOMY (hopiiowi, iCHye MOXXJIHMBICTh JUCTAHIIMHOT M1arHOCTHKH
KBa31-MIEPIEHIUKYIISIPHOI 00JIacTI TOBEPXHI YHAApHOI XBWJI TPOTATOM JOCHTH JIOBTHUX
Biapi3kiB yacy [13]. Ha manuii MOMEHT MOXKHA aHai3yBaTH (IYKTyallii BACOKOYaCTOTHOT'O
€JICKTPUYHOTO IO, K1 BIAMOBIJAIOTH JICHTMIOPIBCBKUM Ta 3CYHYTHM Bropy Ta BHH3 3a
yacToToro XBUJIAM. L{i ocTaHHI XBWII, SIK yXe BiJ3HA4YanoCs, TEHEPYIOTbCS HAATEIUIOBUMHU
€JICKTPOHHUMH TMMOTOKaMH, BIAOMTHMH Bix (GPOHTY YAAPHOI XBHJI, 1 PyXarOThCs MPUOIH3HO
B3JIOBJXK JIIHI MarHiTHOroO nojs (quB., Hamp., [122-124]ra moxaHi B IIUX CTATTSIX MOCUIIAHH).
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Bynp-sxi neopmarii GpoHTY yaapHOi XBUIII BUKITUKATUMYTh CYTTEBY 3MiHY BIaCTHBOCTEH
IIUX MOTOKIB, 10, B CBOIO YEPry, MIO3HAYUTHCS HA CIIOCTEPEIKYBAHUX CIIEKTPaX EICKTPUIHOTO
OJIS.

JitficHO, 3 Teopil MPUCKOPEHHS €IEKTPOHIB (PPOHTOM yAapHOI XBHII 3eMJIl BUILUIUBAE, IO
KJIIOYOBI mapameTpu (QyHKLIl po3MOAUTy BiAOMTHX €JIEKTPOHIB 3a EHEpPrisiMH CHIBHO
3aJIeXaTh BiJ KyTa fgn MK HOPMaUTIO 10 (PPOHTY XBHJII Ta HAMPSIMKOM JIIHIM MarHiTHOTO
noJys nepej ynapHor xsuiiero [125-126].30kpemMa, Al TUIIOBUX MapaMeTpiB yaapHOT XBHIII
3emuti cepenHsi eHepris eiaeKTpoHiB 3poctae Bim ~4Te m0 ~50Te B J0CHTH BY3BKOMY
niana3oHi 3MiHM KyTa Ogpn, Big 83° no 88°, B Toli yac sk BiJHOCHA KOHIIGHTpAIlisl TaJa€e Bij
11% o 0.3%i npsimye 10 HyJIst IS KYTiB, Oiabinux Hixk 89° [125]. Takum 4nHOM, €IEKTPOHU
BUCOKMX CHEpriii, BIAMOBiJaNbHI 3a TEHEpaIil0 IHTCHCUBHUX IUIA3MOBHX XBWIb B
eleKTpoHHOMY (poproii Mar"iTocdepu 3emiti, TPUXOAATh 3 JOCHTh BY3bKO1 00J1acTi GpOHTY
yaapHoi xBuii 3emiIi, OJM3bKOI 10 TOUYKU JAOTHKY MarHiTHOTO IOJI COHSYHOTO BIiTpY. Bynb-
sKa HECTAIllOHAPHICTh yJapHOi XBHWJII B II 00JIACTI CIIPUYMHSE HECTAI[IOHAPHY MOBEHIHKY
JICHTMIOPIBCbKMX XBWJIb TOOJM3Yy MexXi (OopIIoKy. 30KpeMa, HaBiTh MpH IMOMIpHIiH
HECTaIlIOHAPHOCTI MOYXKHA OYIKYBAaTH CIOCTEPEKEHHSI CHJIBHOI MOMYJAIi 1HTEHCHUBHOCTI
JICHTMIOPIBCbKHMX XBWJIb 3aBISIKM CHJIBHIHM 3aJIEKHOCTI MapaMeTpiB eNeKTPOHHOTO MydYKa Bif
KyTa Ogn. 3 iHmmoro 60Ky, aBTopu [83] CTBEPMIKYIOTH, IO AMILIITYAa XBHISCTOCTI 3pOCTa€E
npy HaOJIMKEHHI KyTa MK HOPMaJUTIO 10 (POHTY Ta MarHiTHUM IOJIEM Iepe] (ppOHTOM 10
90°, TakKM YHHOM CHPHSIOYN MOIYJISIII €IEKTPOHHUX IMOTOKIB Ta JCHIMIOPIBCHKUX XBHJIb.
UucoBi JOCHIKEHHS TPUCKOPEHHS €IEKTPOHIB y 3MIHHHX Yy Yaci eJIeKTPOMArHiTHUX MOJIX,
TUTIOBUX JUTSI YAAPHOI XBHJII 3e€MJIi, TTOKa3yl0Th, 110 MOAYJIAIIS MOXKE OyTH JyXe CHUIBHOIO.
ToOTo mepen yaapHOIO XBHJICIO, IO 3HAXOAUTHCS B Mpoleci nepedopMyBaHHS, CIUIECKU
EHEPTIMHUX EJEKTPOHIB MOXYTh (OpMyBaTHUCS HUKIIYHO, a HE SIK HEMEPEPBHHM ITy4OK
eniekTpoHiB [127]. BapTo Takox 3a3HA4YWTH, IO 3TiIHO SK TEOpii, TaK 1 MOJCIIOBAHHS,
HECTAaI[lOHAPHICTh (PPOHTY ymAapHOi XBWJIi, HE TIIOB's3aHa 3 XBHIIACTICTIO Ta/abo
3MOPIIKYBATICTIO, MAa€ CIOCTEPIraTUCs B UIMPOKOMY Jiama3oHi fgn IPU JOCTATHHO BHCOKUX
3Ha4YeHHsAX urcia Maxa [9, 40, 80].

TakuMm 4YMHOM, XOuYa CYNMYTHUKU PIIKO MEPETHHAIOTH KBa3i-NEPIEHAUKYISIPHY 001acTh
yIapHOi XBWJII 3eMJIi, MIEPETUH MEX1 €JIEKTPOHHOTO (hOPIIOKY TPAIIAETHCS 3HAYHO YaCTiIIe,
I 1HTEHCUBHI JICHTMIOPIBCbKI XBMJII MOONMU3Y L€l MeXl J03BOJIAIOTH BUKOPHUCTOBYBATHU
3pYYHHI METOJI TUCTAHIIMHOI IIarHOCTHKY I111€1 YaCTUHU MTOBEPXHI yaapHoi xBwti. HaiOumbin
CIpUATIIBA CHUTYyallis BUHHUKAE NpPU CIIOKIHHOMY COHSYHOMY BITpi, KOJM 3CYHYTI BHU3
YaCcTOTH KOJIMBaHb 3HAYHO MEHIII BiJl TNIA3MOBOI YaCTOTH, OCKUJIBKU B IIbOMY BUIIAIKy MOYKHA
BUBYATH OKPEMO iHTEHCUBHOCTI 000X MOJ Ta Bapialii iX 4acToT.

ExcniepuMeHTanbHl JaHi, 10 aHATI3YIOThCA B JAaHOMY JOCHTIDKEHHI, OyJI0 OTpUMaHO
npuiagamu WHISPER,mo 3naxoastees Ha 60pTy cynyrHukiB CLUSTER, Mix ciunem Ta
noyatkoM TpaBHs 2001 poky. Ilporsrom mnporo uacy dotupu cynytHukn CLUSTER
NEepeTHHAIN yIAapHY XBWIIO 0OaraTo pasiB 1 POOMIM BEIHKY KIJIBKICTh CIOCTEPEkKEHb
IHTEHCUBHUX XBWJIb B eleKTpoHHOMY (opmorti. Omuc npunany WHISPERnpeacrasieno B
O JiTeparypu. Y JOCIIPKEHH] MOJAaHOMY Y IIbOMY PO3/iJli BAKOPHCTOBYIOTHCS JaHi PO
IIOBHY IHTEHCHUBHICTb CUTHAIY Epow.

Jns ananizy Oyno obpano 48 monaiif, 0 BiANOBIAAIOTH MEPETUHY MEXi (opiioky, Ta
3p00JIeHO cipo0y 3HANTH MEPIOIUYHOCTI Y BapiallisiX IHTCHCUBHOCTI JICHTMIOPIBCHKUX XBHUJIb.

3 pe3ysIbTaTiB YMCIOBOTO MOJICTIOBAHHS, BUKOHAHOTO B [82], BUILIMBAE, 1110 TPOCTOPOBUI
epioJ]] XBIUISICTOCTI CKJIaJia€ BEMYMHY HMOPAAKY 5 Clwpi, oMy Binmosimae gactora 0.4fg;.
st cepeqHiX y COHAYHOMY BIiTpi 3HaU€Hb MArHiTHOTO Mo Ta KoHmeHtpauii: B = 6HT Ta
Ne = 6.5cm> MPOTOHHA IUKIOTpoHHA dactoTa aopiBHoe 0.1 I'm, BigmoBigHUIT mepiof
nopiBHioe 1lc, a mpoToHHUH iHepuiltHMI MacmTad ckimagae Clop = 90xkM. Takum 4nHOM
CIiJ OYIKYBaTH, IO XapakTEepHI YacoBI Ta MPOCTOPOBI MacIITabW 3MOPIIOK CKIIATAIOTh
BifanoBigHO 25 ¢ (dactora 0.04T1) ta 500 kM. [l 10CTiIKyBaHOTO MIEPioy Yacy BiJCTaHb
Mk cynyTHukamu CLUSTER xomuBamacek y mexax 190-1700km. Ls BizcTaHb € MEHIIOO
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a00 TOpIBHIOBAHOK 3 TPOCTOPOBHM IEPIOJIOM XBHIICTOCTi, IO CIHOCTEpIraBcs B
MojenoBanHi [82].

Jlyiss BUSIBIEHHS MPUXOBAHOI MEPIOAMYHOCTI, SIKy MOJKHA IOB’SI3aTH 3 XBHIIACTICTIO Ta
3MOPIIKYBAaTICTIO, 0a)XaHO MOCTI/PKYBaTH YacoBl 1HTEpPBaJIM, IO MalOTh TPUBAIICTh, HE
MEHIIY 3a 4 nepioJu XBUISCTOCTI/3MOPIIKYBATOCTI. 3 1HIIOTO OOKY, IHTEpBaJ M MarOTh OyTH
JIOCUTh MaJUMH JUIsl TOTO, MO0 YHUKHYTH BEJIMKHUX 3MIH 1HTEHCHBHOCTI XBUJIb BHACIIJIOK
pyXy BiZ Mexi enekTpoHHoro Qopmoky. IntepBamun B 1.5-2 XBUIMHH 31AI0ThCS
ONTUMAJIBPHUMHU IS PO3B’s3aHHSA TOCTaBieHOi 3amadi. CHHCOK 1HTEpBAJiB 3 IXHBOIO
TPUBAIICTIO MOAAaHO B Tabm. 3.1.

Taomuusa 3.1.

Chnucok nogiii Ta ix TPHBAJIICTD

L Tpusamicts mi1st

Ne JlaTa Yac, UT (roa:xs:c) p SC1.xs.

1 3ciynas 2001 01:22:14-01:24:08 1.86
2 3ciyas 2001 03:40:21-03:43:33 3.19
3 5ciung 2001 22:00:04-22:01:58 1.90
4 6 ciunsg 2001 00:42:23-00:46:13 3.83
5 7 ciunsg 2001 23:37:45-23:40:37 2.86
6 15ciuns 2001 03:19:30-03:22:01 251
7 17ciuns 2001 08:19:01-08:21:49 2.79
8 20ciuns 2001 00:31:32-00:33:34 2.02
9 20ciuns 2001 00:39:14-00:42:08 2.76
10 20ciynsg 2001 18:53:29-18:56:57 3.45
11 29ciunsa 2001 02:42:10-02:46:1Q 3.92
12 3lciunsg 2001 12:21:23-12:22:48 1.41
13 3lciunsg 2001 12:31:35-12:34:12 2.61
14 3lciunsg 2001 15:44:39-15:46:42 2.05
15 3lciunsg 2001 17:12:09-17:15:33 3.40
16 3mororo 2001 13:29:47-13:30:58 1.17
17 10mrororo 2001 03:30:28-03:33:28 2.98
18 12mrororo 2001 08:18:57-08:21:48 2.84
19 13mrororo 2001 01:13:52-01:16:54 3.01
20 14mrororo 2001 17:54:51-17:57:43 2.86
21 21mororo 2001 19:06:18-19:09:03 2.74
22 21mororo 2001 21:35:37-21:37:33 1.93
23 22mororo 2001 23:33:26—-23:36:48 3.36
24 23mororo 2001 00:38:12-00:41:386 3.39
25 28mororo 2001 21:30:06-21:34:58 4.84
26 76epe3ns 2001 01:06:02-01:08:52 2.83
27 1306epesns 2001 10:13:19-10:17:28 4.15
28 176epesns 2001 19:29:40-19:31:09 1.44
29 176epesns 2001 22:15:04-22:17:12 2.13
30 186epe3ns 2001 01:41:57-01:45:32 3.58
31 196epe3ns 2001 19:09:13-19:10:59 1.75
32 206epe3ns 2001 00:23:58-00:25:4Q 1.69
33 206epe3ns 2001 05:20:49-05:23:36 2.78
34 226epe3ns 2001 09:15:08-09:18:00 2.85
35 246epe3ns 2001 14:35:57-14:37:46 1.82
36 246epe3ns 2001 19:11:48-19:13:46 1.96
37 276epe3ns 2001 08:24:12-08:26:23 2.18
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[Iponosx, Tabm. 3.1

Ne Hara Yac, UT (rox:xs:c) |TpuBamicts s
SC1,xB.
38 | 286epesns 2001 05:24:08-05:26:00 1.85
39 | 296epesns 2001 08:25:49-08:27:35 1.76
40 2xBitHsa 2001 02:12:14-02:15:13 2.98
41 2xBitHsa 2001 03:16:05-03:18:30 2.39
42 SkaitHsa 2001 16:34:38-16:37:30 2.86
43 SkaitHsa 2001 21:36:29-21:38:38 2.15
44 10ksitHs 2001 14:52:16-14:54:37 2.34
45 15kBitHs 2001 18:55:06-19:00:00 4.89
46 22xBitHs 2001 10:04:33-10:06:47 2.17
47 29xsBitHs 2001 13:41:12-13:43:22 2.16
48 2tpasus 2001 06:23:23-06:26:17 2.89

Jns koxxHOT mofii Oyno 3po0JeHO OLIHKH MPOTOHHOI IIMKJIOTPOHHOI YacTOTH 1 4Yuceln
Maxa st anbBEHIBCHKOI, 3BYKOBOI Ta MMBHAKOI Moa. Jlis OIIHOK HEOOXigHO MaTHh
iHpopMaIlifo PO KOHIICHTPAIlF0 MPOTOHIB, TEMIIEpaTypy IUJIa3MH, IIBHJAKICTH COHSYHOTO
BITpY Ta BelW4YMHY MarHitHoro moss. Lli nmani ans Bixctani 1 a.0. 3 OJHOXBWJIMHHOIO
PO3IITBLHOIO 37IaTHICTIO OYJ10 B3sTO 3 OararocymyTHukoBoi 6azm OMNI, a motim ycepenHeHo
110 BCbOMY 1HTEpBaJy 4acy JOCIiIKYBaHOT MOii.

st ciporieHHst OpMYITH ISl aJIbBEHIBCHKOT Ta 3BYKOBOT MIBHAKOCTI OyJIM OTpUMaHi 3a
NPUIYIIECHHS PO CTaly 4acTKy anbha yacTUHOK (4%) 1 cTainy elNeKTPOHHY TeMIIeparypy,
Te = 1.28-105 KToxui Bupa3u i UX MIBUIKOCTEH MAIOTh BUTIIAL:

V, = B L voo [T
\/,uo(4na+np)mp . s \/(4na+npimp, (3.1)

JI¢ [o — MarHiTHA MPOHUKHICTh BaKyyMy, a K — koHcranta bonbivana. [1IBUAKICTE MIBHIKOT
MOoaun O6‘II/ICJHOBaJIaCL JId XBUJIb, 110 HOH_II/IpIOIOTBCSI HiI[ HpHMI/IM KYTOM 0 3OBHiH_IHBOFO
MAargiTHOIrO IIOJIS.

Vi =V HvE

Oninku umcen Maxa yaapHOi XBWJII BUKOHYBJIUCS JUISS KOMIIOHEHT IIBHIKOCTI,
NEPICHIUKYISIPHUX 0 MAarHiTHOTO TOJISl COHSYHOTO BiTpy. OTprUMaHi pe3ynbTaTu 3BEECHO B
tabn. 3.2. BapTo 3ayBakuTH, 1m0 B cepeaHHOMY 3pOOJIeHI OIIHKA MAaloTh TMEPEBUITYBaTH
peanbHi 3HaAYCHHS, OCKIBKHU 3aMICTh MPOEKI[ill MBUIKOCTEH IIa3MH HAa HOpMalb 10 GPOHTY
BPaxOBYIOThCS MPOCKIIIi Ha HAMPsIMOK MarHiTHOTO moJis. He3Bakaroun Ha 11€, Ma€ iICHyBaTH
CWJIbHA KOpEJSIlisi MK 4yuciaMd Maxa 1 TakKMMH OLIHKaMH, IO JTO3BOJIIE KOPHCTYBATHUCS
HUMH B CTAaTUCTUYHUX JOCTIIHKCHHIX. 3 1HIIOro O0KY, TOYHA OIIHKA MOJO0KEHHS HOpMaJi 110
GpoHTY ymapHOi XBHIII € CKIAQAHOK 33]a4ero, 1 1i BUKOPUCTAHHS MOXE MPHU3BECTH JI0
JIOTAaTKOBUX TIOMHJIOK, OCOOJMBO I BHUMIPIOBaHb B OOJIACTSAX, JAJIEKMX BiJ TMOBEpPXHI
yIapHOI XBWIi. Y TMOJAJBIIOMY OOTOBOPEHHI EKCIIEPUMEHTAIBbHUX pe3yJbTaTiB 3apaju
CKOPOYCHHS Ta CHOCTI HTUMETHCSI PO pealibHI unciaa Maxa, a He Tpo iXHi OIiHKH.

(3.2)
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Taomuns 3.2.

IapameTpu yiapHuX XBHJIb, OB  A3aHUX 3 JOCTIKYBAHUMHU MOTISIMH.

AJIbBEHIBCBHKE
quciao Maxa

Orminku yrcen Maxa yaapHUX XBHJIb

[IpoTonHa
ripouacroTa

No nepes yaapHow
COI;I: o AJILBEHIBCHKE 3BYKOBE HIBHAKOT XBHJICIO,
Py MonH fai , L.
1 14.0 12.0 5.9 53 0.113
2 6.7 4.9 5.0 3.5 0.171
3 7.8 7.7 9.3 5.9 0.083
4 6.8 6.6 8.6 52 0.102
5 6.6 55 6.2 4.1 0.104
6 6.8 5.7 6.2 4.2 0.076
7 6.8 55 55 3.9 0.128
8 15.6 15.6 7.0 6.4 0.061
9 15.7 15.6 7.0 6.4 0.059
10 8.4 8.3 6.6 5.2 0.094
11 4.7 4.4 6.6 3.7 0.223
12 6.8 6.4 6.1 4.4 0.172
13 7.2 7.2 6.4 4.8 0.166
14 8.7 55 4.2 3.3 0.143
15 8.9 8.0 6.0 4.8 0.125
16 9.2 9.1 7.4 57 0.059
17 8.8 7.4 6.6 4.9 0.087
18 9.3 9.1 7.5 5.8 0.082
19 57 3.9 52 3.1 0.143
20 6.7 6.2 6.3 4.4 0.101
21 8.1 7.8 7.1 52 0.077
22 7.4 4.4 3.6 2.8 0.074
23 7.2 6.3 6.7 4.6 0.090
24 7.2 7.1 6.7 4.9 0.083
25 8.3 3.7 2.8 2.2 0.096
26 20.8 19.4 7.7 7.2 0.037
27 4.4 4.0 6.1 3.3 0.123
28 51 4.2 4.9 3.2 0.109
29 5.8 5.6 6.4 4.2 0.103
30 10.3 10.0 6.6 55 0.074
31 6.2 59 8.8 4.9 0.222
32 3.8 3.8 10.2 3.6 0.214
33 2.8 2.7 9.2 2.6 0.259
34 6.4 6.3 6.0 4.3 0.136
35 25.3 23.2 8.2 7.7 0.056
36 10.0 8.9 7.2 5.6 0.170
37 4.5 4.3 6.5 3.6 0.070
38 4.8 4.7 10.2 4.2 0.092
39 20.4 10.2 5.3 4.7 0.058
40 18.9 18.9 13.0 10.7 0.053
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[Tponosx, Tabim. 3.2.

AJBBCHIBCBKE Omninku yricen Maxa yJapHHX XBHIIb HpOTOHHa
wrcno Maxa ripoyacTora
Ne COHSIYHOTIO .. D
BiTpY AIbBEHIBChKE | 3BYKOBE [EH/IKOL XBHIICIO,
MOJH fei , T'm.
41 13.8 13.4 12.7 9.2 0.061
42 8.2 6.9 7.9 5.2 0.103
43 8.8 7.3 6.6 4.9 0.110
44 8.6 3.7 6.0 3.2 0.065
45 10.0 9.9 10.0 7.0 0.058
46 3.9 3.8 8.1 3.5 0.226
47 8.1 6.5 10.2 55 0.090
48 7.3 7.2 8.3 54 0.103

3 tabn. 3.2s5cHO BUAHO, IO HAOIp JaHUX MICTUTH MOI1, OB’ sA3aHi sK 31 CTAOKUMH, TakK 1 3
CHJIBHUMH YIapHUMU XBUJISIMH. AJIbBEHIBChKE UHMCII0 Maxa 3MiHIO€ThCs B iana3oni 2.7-23.0,
a yrciio Maxa mBHAKOT MOJH JISKHUTH Yy Mexax 2.2-10.7.

INicrorpamu ouinok yrcen Maxa HaBeneHo Ha puc. 3.1.Bapro 3ayBaxuru, mo ans 3013
48 nocnipKyBaHHX TMOJIN aTbBEHIBChKE YHCIIO Maxa MepeBuIy€e 3HaueHHs 5.7, BUKOPUCTAHE
B MonemoBanHi [83]. ¥V 14 monisx anbBeHIBChbKE 4ncio Maxa mepeBulllye 3HAUYCHHS 8, ske
Oyno obpano y MojmemoBanHi [82]; mapemTi, B 6 momisx anbBeHIBCbKe Ymciao Maxa
NepeBUINy€e 3HaYCHHs 13, 1110 BUKOPUCTOBYBAJIOCH Y MOJIE/tOBaHHi [84].

Ockinbku eHeprii XBuib Epow B Mekax Ti€l camoi mofii MOXKYTh 3MIHIOBATUCS B JIyXKe
MIMPOKOMY JIiala3oHi 3HAa4YeHb, Yy CIEKTPAJbHOMY aHalli3l BUKOPHUCTOBYBABCS Jorapupm
inteHcuBHOCTI — |Q(Epow). KpiM TOro, mod BHKIIOUMTH BHKHIH, 9acOBi ITOCIHIJZOBHOCTI
l9(Epow) Oymnu obmexeHi piBHAMu + 3 6, e 6 —cepeaHbokBagpaTuuHe BiaxuneHHs |9(Epow), a
JHIWHI TPEH/H, KO0 BOHHU ICHYBaJIA, OyJIM BUJIAJICHI.

87 KinbkicTb nopin (@) 1 KinbkicTb nogin (6)

O_

4 12 20 M, 1 4 7 10 M
: 6

Puc. 3.1.TicTorpamu omiHOK 4rcen Maxa s albBeHIBCbKOI (a) Ta mBuakoi (0) Mo, 110

XapaKTepU3yIOTh KBa3i-MEePIEHINKYISIPHI yAapHI XBWIII, TIOB’ si3aH1 3 0OpaHUMHU TIEPETUHAMH
Mexi (POpIIOKY.

HaGopwu manux Juts BCiX pO3MIISTHYTHX TOAINA MICTHIIM TPOITyCKU (IUISHKH, Je iH(opMaris
Oyma Bigcytas). Ilix gac nux npomyckiB WHISPER npaiioBaB y akTHBHOMY 30HAYIOYOMY
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peXUMi Ta HE MIT OTpUMYBATH 1H(OpPMAIIiIO PO MPUPOAHE BUMIPOMiHIOBaHHS. TpHUBaicTh
KOXKHOTO TPOIMYCKY MOPIBHIOBAaHA 3 TEPIOJIOM OOCpTaHHs CYMyTHHKAa HAaBKOJO CBOEI OCi Ta
3HayHO OiunblIa Bif IHTEpBaly dYacy MDK JIBOMa IIOCIIJJOBHUMH BHUMIPIOBaHHSMHU 1034
nporyckamu. Bigomi METOIWMKY 3alTOBHEHHS TPOITYCKIB 1H(GOpMAaIlii, HAMPUKIAI, HYyIIMA 91
IHTepHOJbOBAHUMH 3HAUYEHHSMH, MOXYTh JaBaTH XWUOHI pe3yJlbTaTH, 30KpeMa, 4YacTo
MPU3BOJIATH JI0 TMOSBH MAapa3UTHUX ITKIB, AKI BIAMOBIJAIOTH MEpiojaM TOSIBH IPOITYCKIB.
BkazaHux HeHOMIKIB MO30aBICHUN METON cheKTpaibHOro anamizy JlombOa [128]. Meton
Jlom0a yacTkoBO Oa3yBaBcs Ha poboTtax [129-130]i Bperti OyB po3Bunenuit y [131]. ABTopu
[128-131] 06poluisiiii CHIEKTPH 3 BUKOPUCTAHHIM JAHHX, SIKI MOTJIM MICTHTH BUMIpPIOBaHHS 3
HEPIBHOMIPHOIO YacTOTOI0 BHUOIpKH. Y JaHOMY pO3MLIi € METOJ 3aCTOCOBYETHCS Y
BapiaHTi, HaBeZeHOMY B [132]. Makcumymu, 3HaiiieHI B HOpMOBaHHX Iepionorpamax Jlomoa,
BIJIMOBI/IAOTh CTATUCTUYHO 3HAYYIIMM TIepiojgaM, SKIIO iXHS CTaTUCTUYHA 3HAYYIIICTh
nepesuinye 0.05. CrarucThyHa 3HAYYIIICTH OLIHIOETHCS IOJO TIMIOTE3U MPO BUIAIKOBHN
myM. 3a3BUYail y JOCHIKYBAHUX MOMIIsAX CrekTp JlomOa MICTUTH TIKH MOOJIW3Yy 4YacTOTH
0.5Tm Ta ii rapmonik. Lli miku BUHHMKAaIOTh BHACHIAOK OOEpTaHHA aHTEH CYNyTHHUKA 3
nepionoM ~ 4cex. BoHu MOXyTh OyTH JOCHTH IHTEHCHBHMMH 1 3aHMI)KYBAaTH OIlIHKH
CTATHCTUYHOI 3HAYYIIOCTI MJIg I1HIIMX YacToT. ToMmMy Ml BUJAJIEHHS TapMOHIK, S$IKi
BIJIMOBI/IaI0Th OOEPTAHHIO CYNMYTHHKA, HEOOXIMHO (IIBTPYBATH TaKi 4acOBI MOCIIJTOBHOCTI.
OinpTpartis IPOBOANUIACH, AKIIO MiKH, TIOB’ s13aHi 3 00epTaHHSAM CYMyTHHUKA, OyJIM 3HAYYITUMU
BIJIMOBITHO 710 0OpaHOTO KpUTEPi0. Y JaHOMY IOCHIDKEHHI BUKOPHUCTOBYETHCS MPOIEaAypa
¢inpTparii, po3pobiena B [133].

3.2Pe3yIbTaTH CTATUCTHYHOIO JOCTiI7KEHHS IAaHUX Ta iX 00r0BOpeHHA

Ha puc. 3.2a nokazano 4acToTHO-4acoBy niarpamy, orpumany npuwiagom WHISPERY
dopmori cTarioHapHOi yaapHOi XBWII 3 MaauM 4ucioM Maxa. Ha cmektporpami mo6pe
BUJIHO MAaKCHMYM, IO BiJMOBIJa€ JICHTMIOPIBCHKUM XBHJISIM. Y IiH MOI1i CYyMyTHUK TIEPETHYB
MEXy eneKTpoHHoro ¢opmoky o 13:43:22 UT,B KiHIi 4acoBOro iHTepBaly, 0OpaHOro JUis
IOIIYKYy NpHXoBaHHX mnepioguyHocteil. Ha puc. 3.26 300paxkeno npodimi it 1g(Epow)
BUMIpAHI 3 OOpPTY BCIX YOTHPHOX CYNYTHHUKIB Ta yCEpeIHEHI Mo mepiogy oOepTaHHS
cynmyrauka. Ha puc. 3.2B momano HeycepenHei 3HaudeHHS |Q(Epow) OTpHMaHi omHHM
cynytaukomM CLUSTER 1.3 yactoTHO-uacoBoi giarpaMu Jerko 0auuTH, IO MPUCYTHI JIUIIE
KOJIMBAaHHSI Ha JICHTMIOPIBCHKiM 9acTOTI, €3 3CYHYTHX 3a YaCTOTOIO CaTeNiTiB. TakuM YHHOM,
y JaHOMY pa3l BCS €HEpris CHTHaJlly MOXe OYTH IIJIKOM IIOB’si3aHa 3 JICHTMIOPIBCHKUMHU
XBUJISIMU.

Pe3ynbraTi CHEKTPaJIbHOTO aHAJI3y, OTPUMaHI 3 BUKOPUCTAHHSM OIMHCAHUX METOJUK,
300paxeno Ha puc. 3.3.Ilepiogorpamu |g(Epow) a1 mocnmimxyBaHoi moaii 1eMOHCTPYIOTH
BUCOKMI Ta 3arocTpeHuil mik Ha dvacrori f= 0.5I'1, mo BiAmoBijae MOABOEHINH YacTOTI
obepraHHs cymyTHHKA. LI Momymsiist Takox moMiTHa Ha HeycepeaeHoMy npodini 1g(Epow)
(puc. 3.2B).

Taka cribHa MOAYJIAIIS IHTEHCUBHOCTI 3a3BUYAll CITOCTEPIrae€ThCs, KOJM XBHII € JTIHIHHO
MOJISIPU30BAaHUMH 1 KYT MIDK BEKTOPOM EJCKTPUYHOTO TOJSI Ta HOPMAUIIO JIO TUIOUIMHU
o0epTaHHA aHTEH HE HAJITO Maiuil. JICHrMIOPIBChKI XBHJIl, SIKI 3HAXOMSTHCS HETAICKO BiJ
MICIIsl TeHepallii, MaloTh OyTH MOJISIPU30BAHUMH B3/IOBXK JIHIM MarHiTHOTO TOJSI COHSYHOTO
BITPY, B HANPSIMKY TOIIUPEHHS €JIEKTPOHIB BUCOKMX €HEPTii, BIIOUTHX YIapHOIO XBUJICIO.

Y ugacrorHomy giamazoni 0.33fg; <f<fg, sxkuii € HalmiKaBiUM IS JAHOTO
JTOCJTIJDKEHHS, CIIOCTEPEKyBaH1 Bapiallii iIHTEHCUBHOCTI XBWJIb JOCHTh CJIa0Ki Ha 00pTax ycix
qoTupboX cynyTHukKiB, okpiMm CLUSTER 3. BixacyTHicTh 3Hauymmx mikiB MoOIM3y MKy
f = 0.69fg;, 3adikcoBanoro cymyraukom CLUSTER 3,mBwuaiire 3a Bce, Bka3ye Ha Te, IO ICH
K € Mapa3uTHUM a00 CIPUYMHEHHH JIOKAIBHUM 30ypeHHSIM COHSYHOTO BITPY. biibmii mikH,
OpUCYTHI s HU3bKHMX YacToT mo3a miamazonom 0.33fg <f <fgj, Moxyrs BiamosigaTu
TypOyJIEHTHHM 3MiHaM Yy HaNpsSMKY MDKIJIAHETHOTO MAarHiTHOTO TOJs a00 CKYyMYeHOCTi
JICHTMIOPIBCHKHMX XBHJIb, AKY Iepeadadae Teopiss CTOXaCTHYHOTO 3pOCTaHHS (IMB. MiAPO3.IiT
1.2Ta po3nain 2).
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Puc. 3.2: a — 4gacroTHO-yacoBi cmekTtporpamu, orpumani npuiagom WHISPER 3
cynyrauka CLUSTER 1y ¢opmoni 3emni 29 kBitas 2001 poky — noxist 47 HanpyKeHICTh
CJIEKTPUYHOTO T0JIs BUpakeHo B B I'i—1/21 mokazano xoasopoM y ab moo pisast 10-7B I'i—
1/2, BinnoBigHa mIKana KOJbOPIB 300pakeHa MpaBOpyd BiX CIEKTporpamu); 6 — mpodimi
|9(Epow), BEMIpsiHI Ha BCiX YOTHPHOX CYIyTHHMKAax MICIsl KOB3HOTO YCEPEAHECHHS 3a Mepion
o0epTaHHs CyNmyTHHKA (3HU3Y Bropy JiHii Binnosigatots cynyrHukam CLUSTER 1, 2, 3a 4;
JUISL CTIPOIICHHS TIOPIBHSHHS KPHUBI, 10 TTOKa3yroTh BuMiptoBanHss Ha CLUSTER 2, 3ra 4,
3CYHYTi goropu BignosigHo Ha 1, 2,1a 3); B — npodini Ig(Epow), Bumipsni 3 6opry CLUSTER
1 (mo6pe moMiTHa CHIIbHA MOIYJISIIs, CIPUYMHEHA 00EPTaHHAM CYITyTHHKA).

Ha puc. 3.4 nokazano npodini Ig(Epow) Ta nmepionorpamu s cymyrauka CLUSTER 1,
BUMIpPSIHI Ha MEXI1 €JIeKTpOHHOTro (opIIoKy. BoHu MOB’s13aHi 3 yIapHOIO XBUIICIO 3 BEJIMKUM
gricioM Maxa (orinka s Ma ckimamgae 10.1). B oOpaHomy yacoBoMy iHTepBaii, SIK 1 IS
HOMEPEeHhO  PO3TISHYTOI MOJii, BIiACYTHI XBWJII, 3CyHYTI 3a YacTOTOIO IIOJO
JEHTMIOPIBCBKMX, 1 TIOBHa IHTCHCHBHICTb CHTHally MoOxke OyTu  0OyMoOBIeHa
JICHTMIOPIBCBKMMH XBWIsIMH. IlepiogorpamMu MICTATh TOCTPUH MAaKCUMyM Ha 4YacToTi
f = 0.5I'u, noB’ s3anuii 3 obepranusm cynyTauka. B giamazoni 0.33fg; < f < fg; mpucyrHiit mix
Ha yactoTi f = 0.03I'u (f/ fg; = 0.55).Taxi miku Takox 3HaiineHi s cynyraukie CLUSTER 3
ta CLUSTER 4,a nyis CLUSTER 2,BinnoBinHI KOJUBaHHS HE € CTATUCTUYHO 3HAYYIUMHU.
Pe3synbraTi CTaTUCTUYHOTO JOCHIHKCHHS JO3BOJISIFOTH MPHUITYCTUTH, IO TaKi KOJWBAHHSI
TICHO TOB’ si3aH1 3 HECTaIllIOHAPHICTIO GPOHTY yAapHOiI XBUJIi. X04a, 6€3 CyMHIBY, JIJIsl IOBHOI
BIIEBHEHOCT] MPU TPUMHATTI YM BIAKUAAHHI TaKOi TIMOTE3W HEOOXiTHO BHUKOHATH OUIBII
JeTATbHUN aHajli3, M0 BUXOJUTH 3a paMKH JaHOTO JOCHiKeHHA. [IpoTe maHui mpukiian
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MO>KHA BB2)KaTH JIOCUTHh THIIOBOIO MOJII€I0, TIOB' SI3aHOI0 3 YJApHOI0 XBWJICIO 3 BHUCOKUM
quciaoM Maxa.

V mpodinax 1g(Epow), BUMipIHHX Ha GOpTax pPi3HUX CYIYTHHKIB, CIOCTEpIraroThCs SIK
CIIJIBHI PUCH, TAK 1 3HAYHI BIAMIHHOCTI. SIKIO mpurajgaTH, 10 BIACTaHI MK CYIyTHUKaMH
(510-730km) MeHIi a00 MOPIBHIOBaHI 3 OYiKyBaHUM IPOCTOPOBHM MacIITadOM XBUIISCTOCTI
(~ 900kM™), TO 3 I[LOTO BUILIMBAE, IO XBUIISICTICTH, AKIO BOHA B3araji MPUCYTHS, BUTIISAAAE
MIBUJIIE XAOTHYHOIO, HIK PErylsipHOI0 K y daci, Tak 1 B mpocrtopi. Lleli BHCHOBOK
MIATBEPDKYETHCSA JOCTIKEHHSAM aHAJIOTIYHUX TpadikiB s BCiXx oOpaHUX TMOJIiH, IO
BIJIITOBIAAIOTH BEJIUKHAM 3HAYEHHAM yucia Maxa.
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Puc. 3.3. IlepiogorpamMu rycTHHHM €HEprii XBWJIb, BUMIPSIHUX Ha MeXi (OPILOKY, SIKY
nepetuHanu cynytHukn CLUSTER 29 kBitHs 2001 poxy — momis 47. Iltpuxosi miHii
BiZMOBinar0Th piBHIO 3Hauymocti 0.05. Tpukyraukamu no3uaueni yacrotu 0.33fg;, 0.5fg;, fa;,
ta 0.5T1. HaifmikaBimmii 4acTOTHUHN M1alma30H JISKUTh MK MEPIIUM Ta TPETIM TPUKYTHUKOM,
a OCTaHHI{ TPUKYTHUK BiNOBiJa€ 00EPTAaHHIO CYITyTHHKA.

SC4

0.1 T |||r|| T IIIII|T| T LILLL

L

Jis Bcix mopid, HaBemeHuWx y Tabn. 3.1, MpoBeNeHO CHEKTpadbHUN aHam3 13
BUKOPUCTAHHSIM METOJIB, OMUCAHUX Yy TOMEepeIHbOMY Miapo3aiai. [lapamerpu xapakTepHUX
nepionuyHocTel y yactotHoMy miamazoni 0.33fg; < f <fgj mpencraBneno y tadn. 3.3 Ananis
OTPUMaHHUX pe3yIbTaTiB IOKa3ye, IO ICHYE BEJIMKAa KUIBKICTh TMOMAINA 31 CTaTUCTHYHO
3HAUYIIUMU TEPIOANYHOCTSIMH. JIJI KITBKOX MO MepioAMYHOCTI, SKi CIOCTEPIraluch
pI3HUMHU CYNyTHHUKaMH, OyJIM OJHAKOBUMH abo nayxke cxokumu. OIHOYACHO MPUCYTHS
3HaYHA KUTBKICTh MOAIN 13 PI3HUMHU NEPIOANIHOCTAMU JJISl PI3HUX CYITYTHHKIB.
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Puc. 3.4: a —1podini 19(Epow), BuMipsHI Ha ycix yotupbox cymyrHukax CLUSTERmics
KOB3HOTO YCEpPEIHEHHS 3a IMepioJ OoOepTaHHs CyNyTHHKAa (BHMIPIOBaHHS BHKOHYBAJIUCH
npuiagom WHISPERB enextporHomy dopmori 3emm 29 6epesus 2001 poxy — noxis 39;
niHii Bignoinatoth cynytHukam CLUSTER 1, 2, 3ra 4; ans cnpolieHHs TOPIBHSIHHS, KPUBI,
o nmokaszyroTh BumiptoBanHs Ha CLUSTER 2, 3ra 4, 3cynyti nmoropu BiamnoBigHo Ha 2, 4,Ta
6); 6 — mepiogorpama TYCTHHHM CHEprii XBmWiIb, BUMIipsHHX Ha cynytHuky CLUSTER 1
(urpuxoBa JtiHig BiAmoBimae piBaio 3HauymocTi 0.05; pukyrHukamu mo3HauyeHi gactoru 0.33
fgi, 0.5fg;, fgi, Ta 0.5 1, HalIiKaBiIMK YaCTOTHHIA Jiama3oH JSKUTh MIX MEPIIUM Ta TPETIM
TPUKYTHHKOM, a OCTaHHI# TPUKYTHHK BiAMOBiTae 0OEPTaHHIO CYITyTHHKA).

Tabmums 3.3.
Ilepiogu4HOCTi iIHTEHCMBHOCTI XBWJIb
No Yacrora f, 102 ', BiHOMWEHHS f/fzi Ta 3HAUyIIICTH P
- CLUSTER-1 CLUSTER-2 CLUSTER-3 CLUSTER-4
1 | 54] 047] 17 63 055 35 60 053 30 57 050
2 HEMae TMepioj. HEMae Mepio. HEMae Mepio. HEMae Mepio.
3| 35] 042] 32| 41 049 38 41 049 21 B8 046.1 4
4 41| 040| 3.2 4.4 0.43 8.7 Hemae mepiof. 45| 0.44 3.3
5 70| 0.67| 96/ 6.8 065 118 68 065 98 68 0.62.5
6 42 | 055 9.3 42 055 139 4|9 064 85 49 0.646.0
7 48| 037 2.7 JlaH1 BIICYTHI JIaH1 BIICYTHI JIaH1 BIICYTHI
8 | 25| 041] 24 25 042 14 25 042 25 p5 0426 1
9 30| 051| 5.2 HEMAE MepioJ. 3.0 0.51 2.6 HEMA€ MepioJ.
10| 4.7 050 2.0 4.5| 0.413 31 45 048 3.2 |4.5 O|.4&.9
11 HEMae Mepio. HEMae 1epio. HEMae MepioJ. HEMae MepioJ.
12 HEMae Tepioj. JlaH1 BIICYTHI HEMae Tepio. HEMae Tepio.
13 HEMae TMepioj. JlaH1 BIICYTHI HEMae Mepio. HEMae Mepio.
14 HEMAE MepioJi. JaH1 BIJCYTHI HEMAE MepioJl. JaH1 BiACYTHI
15| 59| 0.47| 1.6] nanisincyrsi 3.1| 0.53| 3.3| namiBincyrsi
16 HEMae MepioJl. JlaH1 BiACYTHI 47 081 5.1 4.3 0.73 3.5
17 | 59| 0.36] 34 50 058 1.7 uemae nepion. HEMae Nepiof.
18 HEMae TMepioj. 6.9 | 0.84 1.5 HEMae Mepio. HEMae Mepio.
19 HEMae TMepio. HEMae 1epioJ. HEMae Mepio. HEMae 1epio.
20 HEMae Tepioj. HEMae Tepio. 6.5 \ 0.64\ 1.4 JlaH1 BIICYTHI
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[Iponosx, Tabm. 3.3.

No Yacrora f, 102 'y, BiiHOWEHHS f/fzi Ta 3HAUyIIiCTH P

- CLUSTER-1 CLUSTER-2 CLUSTER-3 CLUSTER-4
21| 32| 042 50 34 048 40 38 0.0 153 3.2 Q.42.7
22| 40| 055 51 40 0.5% 1.9 3|8 0.b1 10.6 4.0 0.559
23 HEMae Mepio. 3.6 0.48 4.0 HEMae Tepioj. 8.3 0.92| 2.0
24 | 6.2 | 0.75( 19 28 038 123 44 0.53 8|8 3.9 0.49.9
25| 8.7 | 0.91 1.9 3.8 0.40 1.5 8/8 0.p2 4/6 naHi BiACYTHI
26 HEMae Tepio. 2.6 | 0.69 2.6 HEMae Tepio. HEMae€ TMepioj.
27 | 5.0 040| 1.7] 5.Q 0.40 2.2  Hemae mepiof. 6.8 \ 0.55\ 1.6
28 | 58| 053| 23 57 0.52 1.9 45 041 2|4 nawi BiACYTHI
29 | 44| 043 7.1 4.2 0.41 6.% 42 0.41 6/8 nmani BiACyTHI
30 JaH1 BIACYTHI 4.3 | 0.58 8.0 3.1 0.42 1.4 JaH1 BIACYTHI
31 HEMae Tepio. HEMae TMepioj. HEMae Mepio. HEMae Tepioj.
32 HEMae Nepiof. HEMa€ NepioJl. 8.9| 041] 27 HEMae MepioJ.
33 HEMae Mepio. HEMae Tepioj. HEMae Tepio. HEMae Tepioj.
34 HEMae Tepio. 8.0| 0.65 1.8 7.3 0.59 2.0 HEMae Tepioj.
35| 24| 044| 107 24 044 1009 21 038 146 PR.5440.10.3
36 HEMae MepioJ. 59| 0.61 3.0 59 0.61 4.1 6.2 064 74
37 HEMae Mepio. HEMae Mepio. HEMae Mepio. HEMae TMepio. ‘
38 none 8.7 048 1.9 wuewmae nepiox. 6.6 | 0.36] 1.4]
39 | 32| 055| 4.8 HEMAE MepioJ. 3.2 | 0.55 5.2 3.2 0.55 3.4
40 | 22| 042 37, 19 035 102 23 043 5|6 24 0484
41 | 35| 057 2.2 35 0.5¢Y 3.7 35 0.b7 212 35 0532
42 | 45| 0.43| 5.2/ 4.7 045 9.1 51 0.49 51 53 0.52.9
43 | 6.0 054 3.1 52 04y 2.0 4|9 0.45 313 49 0.4%.9
44 HEMae Tepio. 57| 0.88 2.7 JaH1 BIICYTHI 57 | 0.88 1.8
45 HEMae 1epio. 25| 043] 20 JaHi BIACYTHI JaHi BiACYTHI
46 HEMae Tepio. HEMae Tepioj. HEMae Tepio. HEMae Tepioj.
47 HEMae Mepio. HEMae Tepioj. 6.2 | 0.69\ 3.8 HEMae Tepioj.
48 HEMae 1epioJ. HEMae Mepio. HEMae Mepio. HEMae Mepio.

Od4eBHUIHO, CIIOCTEPEKYBaHI KOMUBAHHS IHTEHCHUBHOCTI JICHTMIOPIBCHKUX XBWJIb MOXKHA
OB’ SI3aTH SIK 3 TMHAMIKOI0 (PPOHTY yJaapHOi XBHIII 3eMJIi, TakK 1 3 ACSIKUMH 1HIIUMH SBUIIAMHU,
SIK1 TIPSIMO HE CTOCYIOThCS yAapHOI XBwuIi. Hampukian, 11l KOJMBaHHS MOXXYTh BUHUKATH 3a
paxyHOK MOIYJISIIIT napameTpiB J1a3MH ta/abo €JICKTPOHHOTO y4JKa
MarHIiTOT1IPOIMHAMIYHOIO XBWJICIO, SIKa BUHUKIIA JIeCh y 1HIIIOMY MicCIli, 1, TONIHPIOIYHUCH,
HaIITOBXYEThCA Ha (OPIIOK YW ymapHy XBWIO. B3arami, mis Oyap-skoi TEBHOI MOAIT
3HaileHa TEePiOANYHICTh HE MOXKE 3 IOBHOIO BIEBHEHICTIO OYTH MpUIKMCAaHA JUHAMIII
GpoHTY ymapHOI XBHJII, TEPII 3a BCE BHACIIJOK BIJACYTHOCTI OJHOYACHHX BHMIPIOBAaHb
no0au3y (pOHTY yaapHOi XBWIi, A€ BiJOYBAa€ThCS MPUCKOPECHHS EIEKTPOHIB 10 BHCOKHUX
EHEepTiii, Ta Ha MeX1 (HOPIIOKY, A€ CIIOCTEPITAIOTHCSA IHTCHCUBHI JICHIMIOPIBCHKI XBHIII.

3a3Buuail, KOJIM MalOTh CIpaBy 3 IEBHOIO KUIBKICTIO HEKOHTPOJIbOBAHUX (HaKTOPIB,
HEOOX1THO BUKOPUCTOBYBATH CTATUCTHYHUN MiAXia. 30KpeMa, i KOJIMBaHb, III0 BAHUKAIOTh
BHACIIIZIOK JTUHAMIKU (POHTY yJapHOI XBHJIi, MOXHA OYIKYBAaTH KOPEJSLii MK BETMYUHOIO
guciaa Maxa Ta WMOBIPHICTIO CIOCTEPEKEHHS TaKUX KOJMBaHb. 3 IHIIOTO OOKY, TOCUTH
HAIIHI OLIHKKM YKcen Maxa ynapHOi XBWJI, TIOB' I3aHHX 13 TIEBHUMH CIOCTEPEIKEHHSIMHU Ha
MeX1 (OPIIOKY, B OUTHIIOCTI BHMAJAKIB 3 PNy MPUUYMH OTPUMATH HE MOXHA. AJie OIlIHKH
gucen Maxa MOXKHA JIETKO pO3paxyBaTH 3 JOCTYIHUX [aHUX, MPOSKTYIOUYH IIBUIKICTh
COHSTYHOTO BITPY Ha HAIMPsIM MarHiTHOTO TOJISI, SIK 1€ OMKMCaHo B miapo3 i 3.1.
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AHamizyBayiacs  3aJ€KHICTh  CIIBBIAHOIICHHS  KITBKOCTI  CTAaI[lOHApHUX  Ta
HECTaIllOHAPHUX YAApPHUX XBWJb BIJl OIIIHKH aJlbBEHIBCbKOTro umcia Maxa. Otpumani
pe3ynbTaTH HaBeACHO Ha puc. 3.5.OCKUTbKH KUIBKICTh TOJIIN HE JYXKE BEIHKa, 0COOIUBO s
MaJuX Ta BEJIMKUX 3HAa4eHb 4Yuciia Maxa, JId TOYOK, MOKa3aHWX Ha Tpadiky, KiIbKICTh
yIapHUX XBHJIb PO3paxoBaHa JUIs 1HTEepBalliB uucesl Maxa TOBKUHOIO 2. SIK BUIUIMBAE 3 PUC.
3.5, IMOBIpPHICTH CTAIIIOHAPHOCTI yIapHOT XBUJIi B IIbOMY Jl1alTa30H1 YaCTOT 3MEHIITYEThCS TIPH
3pOCTaHHI aJbBEHIBCHKOrO YHciaa Maxa, 3a NpPUNYIIEHHS NP0 CHUJIIbHY KOPEIALII0 MiX
AIbBEHIBCHKUM YHCJIOM Maxa Ta Horo OIiHKOIO.

Binpiie Toro, MMOBIPHICTH CIIOCTEPEKEHHS CTALIOHAPHHUX YIAPHUX XBHJIb IMPIMYE IO
HYJISA U1 MaJIMX 3HA4eHb 4rciia Maxa 1 HaOJIMKaeTbes 10 OJWHUIN MPU HAOIMKCHH] YHclia
Maxa 10 BENMKMX 3HA4eHb, 3TiIHO 3 TnepeadaueHHSMH Teopii, JaHUMHU YHCIOBOTO
MOJICTIFOBAHHS Ta pe3y/ibTaTaMH TOMEPENHIX eKCICPUMEHTAIbHUX CIIOCTepekeHb (Hamp. [9,
40-41, 80]).

[TomiOH1 3aneXHOCTI BiA «dIapajeldbHOI» OIlIHKKM Yucia Maxa, po3paxoBaHi 3
BUKOPHUCTAHHSAM MPOEKII IMIBUIKOCTI IJa3MH Ha MAarHiTHE IOJ€, HE BUSBISIOTH KOPETAIil
MiK IMOBipHICTIO Ta yucioM Maxa (rpadiku He mokasani). Ileii ¢akT Moke BBaKaTHChH
JI0JJATKOBUM JIOKa30M Ha KOPUCTH NMPaBHJILHOCTI BUOOPY OIIIHKHM aJIbBEHIBCHKOT0 yKcia Maxa
1 TepioJUYHOCTI Il OLIBIIOCTI TOJIM, MOB’SA3aHUX 13 BHYTPIIIHHOIO JITHUHAMIKOI (POHTY
yJIapHOI XBWIIi, @ HE 13 30BHIIIHIMU 30ypEeHHIMH.

[NpoueHTHe cniBBigHOLWEHHS, %
100

24 6 8 o 1

Puc. 3.5. 3ajeKHICTh MPOLEHTHOrO CIIIBBIAHOIIECHHS CTaIlliOHAPHUX (TPHUKYTHUKH) Ta
HECTallioHapHUX  (KPY)KEYKH) YAAapHUX XBWIb BIJ  OLIHKK  IEPIECHAUKYIIPHOTO
aJIbBEHIBCHKOTO urcia Maxa (CymijabHi JIiHII) Ta aJbBEHIBCHKOTO Yncia Maxa COHSYHOTO
BiTpy (WITPUXOBI JiHIT). J{Js1 3MEHIIICHHSI CTATHCTHYHOTO PO3KHUY KUIBKICTh yIapHHX XBUIIb
obuncaoBaJIach 3 1HTEpBAIIB uncia Maxa 3aBIOBKKHA 2 JJIs KOXHOI TOYKH, MOKa3aHOi Ha

rpadiky.

Amnanoriuni rpadiku s yrcen Maxa 3BYKOBOI Ta IIBHUAKOI MOJ BHUSIBISIOTH Taki cami
TEHJICHIII1, X0ua KOPEJSIIii MiX IMOBIPHICTIO HECTaIllOHAPHOCTI (POHTY ¥ MMM OILIHKAMHU
3HAYHO MCHII, HDK JUIs aJbBeHIBCbKOro umcina Maxa (rpadiku HE MOKa3aHO).
HaiiimoBipHile, TOJOBHOK NMPUYMHOIO IOTO € caadmn Kopensaiii MK yuciamu Maxa, Ta
ixHiMu ominkamu. JliiicHO, Ha JOJa4y A0 MIBUIKOCTI COHSYHOTO BITPY, KOHIIEHTpAIIIi I1a3Mu
Ta MarHiTHOI'O IO/, HEOOXIMHUX 11 OOYMCIIEHHS ajIbBEHIBCHKOI'0 Yncia Maxa, OIiHKa UL
3BYKOBOTr0 yHciia Maxa Ta uncina Maxa mBHIKOT MOAH moTpedye iHdopMmariii npo i0HHY Ta
enexkTpoHHy temneparypu miazmu. Jani OMNI micTsaTe numie iHGOpMaIiio Mpo MPOTOHHY
TEMIIepaTypy, a eNeKTPOHHA TeMIepaTypa BBa)Ka€ThCs CTalO0 Ui Bcix moxiid. Kpim Toro,
OIIIHKK TEMITepaTypH JUIs PI3HUX KOMITOHCHT COHSIYHOTO BITpPY, 3a3BHYail MalOTh JOCHUTh
BEJIMKY MOXHOKY.

3.3.BucHOBKH 10 po3aiay 3
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B nmanomy mimpo3mini eTambHO ONMWCAHWKW Ta BUKOPUCTAHWUN METOJM JAUCTAHIIHHOT
JIarHOCTUKU KBa3i-TIEPHEHIUKYsIpHOI vacTHHM yaapHoi xBuii 3emui. Lleir meron Oymo
3ampornoHoBano aBTopamu [13], ski BHKOpHCTanM HOro MHpH BHUBYCHHI HECTAIliOHAPHOI
ynapHoi xBuiii. Meron 6a3yeTbcs Ha aHali3l QUIyKTyaliii BUCOKOYACTOTHOTO €JIEKTPUYHOTO
MOJIsI, SIK1 BIJIMOBIZIAIOTh JIGHTMIOPIBCHKUM XBWJISIM, Ta XBHWJISIM, 3CYHYTHM BHH3 1 Bropy 3a
4acTOTOI0, B €JIEKTPOHHOMY (opiIoli. JIeHrMIOpiBChKI XBMIII 3a3BUYall MAalOTh MaKCUMAJIbHY
IHTEHCHUBHICTh Ha TepeAHid Mexi (oprioky. BBakaeTbes, 1m0 BCi Il XBHJII TE€HEPYIOTHCS
MOTOKaMH EJIEKTPOHIB BHCOKUX €HEpriid, MPUCKOPEHUX KBa3i-NEePIEeHIUKYISIPHOIO 007acTIO
bponty ymapHoi xBwii. HecrarioHapHa moOBeIiHKa yaapHOI XBWJII, 30KpeMa 3aBISKH
XBWJISACTOCTI, MA€ CIIPUYUHATH MOTYJISIIIO ITOTOKIB BUCOKOCHEPTETUYHHX €JIEKTPOHIB, a OTXKe
1 Bapiamii 1HTEHCHUBHOCTI JICHTMIOPIBCBKMX XBWJIb. JIJIsS XBHJIb, 3CYHYTHX 3a 4YacTOTOIO,
CIIOCTEpIraloThCsl KOJMBAHHA K IHTEHCUBHOCTI, TaK 1 IEHTpaJlbHOI 4acTOTH. B naHiit po6orti
BUKOPHUCTOBYBAJIUCSI BUMIPIOBaHHS CHEKTPIB enekrpuuHoro nosst npuwiagom WHISPER, oo
3HaxoauThbes Ha O6oprax cynmyrHukiB CLUSTER.IIpu ananizi uux ganux Oymno obpano 48
MEepPEeTHUHIB MeX1 (OPIIOKY 3 IOMIHYIOUOIO JICHTMIOPIBCHKOIO CKJIQJIOBOIO B CIIEKTpi. Brepiie
BUKOHAHO CTAaTHUCTUYHMUN aHaji3 HECTAI[lOHApHOI TMOBEAIHKM KBa3i-NIepreHAUKYISIPHOI
00JacTi ynapHoi XBHIII 3eMITi.

1. Awnani3z nNpUXOBaHUX MEPIOAMYHOCTEH IHTEHCHUBHOCTI IJIa3MOBHUX XBHJIb BHSBIISE
HecTallioHapHicTh (PpoHTy ymapuoi xBwii B miama3zoni wacrtor 0.33fg <f<fg, me fg —
IPOTOHHA LUKJIOTPOHHA YaCTOTA Mepel yAapHOI0 XBUJICIO 3eMITi.

2. CTaTuCTUYHE JOCTIHKCHHS 3aJIKHOCTI MTPOSIBIB HECTAIIIOHAPHOCTI BiJl allbBEHIBCHKOTO
yrciaa Maxa, BUSBMIIO, IO iIMOBIPHICTh CIIOCTEPEKEHHS TaKOi HECTAI[IOHAPHOCTI 3pOCTaE 3i
3pocTaHHsM unciaa Maxa. Lleli pe3ymbTaT y3roKyeTbcsl 3 TMepeadadeHHsSIMH Teopii Ta
4YUCII0BOro Mozemoanus [9, 40-41].

AHaJi3 mokasye, Mo IMOBIPHICTh CIIOCTEPEKEHHS TAaKOl HECTAI[IOHAPHOCTI 3pOCTae 3i
3pocTaHHAM uduciaa Maxa.

3. CnocrepexxyBani mpodiiai IHTECHCUBHOCTI €IEKTPUYHOTO TOJISI T4 TIOMIHYIOY1 YaCTOTH
NEepIONYHOCTEH NpPU aHai3l JaHMX 3 PI3HUX CYNYTHHUKIB 3a3BHYAil BUSBISIMCS Pi3HUMH.
TakuM YHHOM, HECTAIIOHAPHICTH 1/a00 XBUIISICTICTh BUSBUIIMCS JOCUTH HEPETYIIPHUMH SIK Y
IpOCTOpi, TaK 1 B Yaci, 1 He HaraayBajl KBa3iperyisipHy CTPYKTYpY, IIO MOIIUPIOETHCS O
MOBEpXHi (PPOHTY yaapHOi XBHIII. X04a, HE MOKHA MTOBHICTIO BUKJIIOUHUTH MOXKIIUBICThH TOTO,
mo eQeKTH KBa3iperyJIsspHUX KOJMBAaHb YAApHOi XBWJII MOXYTb OYTH 3aMacKOBaHI
GayKTyaIisiMy mapameTpiB COHIYHOTO BITPY Ta IHITUMHU (HaKTOpaMH.
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CHAPITRE 4 / PO31J1 4

NEPEXIJHE BUITPOMIHIOBAHHSI PEJIITUBICTCHKHUX EJIEKTPOHIB
3 OBJIACTI MIXKILIAHETHOI YJIAPHOI XBHJII

JlocTiKeHHsT TIePEeXiJHOTO BUIIPOMIHIOBAHHS SIBJISIE COOOIO 1HTEpEC Y 3B’ SI3KYy 3 PI3HUMH
MPUKIATHUMU 33/1a4aMH, 30KpeMa, 3 PO3pOOKOI0 JaTUMKIB 3apsKEHUX YaCTHHOK Y siIepHid
dizuri  [134], mocmiiKeHHSM BHUIPOMIHIOBAaHHS MOIYJbOBAHHUX Iy4KiB €JIEKTPOHIB B
AKTUBHHX eKcliepuMeHTax B ioHochepi [135-137],a Takoxk 3 BUBUCHHSIM MPUPOJIHUX JKEPEIT
BUMPOMIHIOBAHHS, HAmpUKiazd, pagioBunpoMidioBanHs CoHII Ta  KUJIOMETPOBOTO
BunpoMiHtoBanHs 3emii [138-140].

B miTeparypi Hepe3oHaHCHE TEpexiJHE BUIIPOMIHIOBaHHS B CIAOKOHEOMHOPIAHIN I1a3mi
BBakaeThcsl MajoehektuBHUM [134]. Ileli BHCHOBOK CIpaBeUIMBUM, SKIIO 3apspKeHa
YaCTUHKA MPOXOJAUTh HEOJHOPIAHY 00JacTh JIMIIE OJWH pa3. 3a YMOBH X 0araTOKpaTHOTO
NPOXO/KEHHS EJEKTPOHAa uepe3 HEOAHOPIAHY 007acTh e(EeKTUBHICTH HEPEe30HAHCHOTO
BUIPOMIHIOBAHHS MOKE TTOMITHO 3pocTH. L ocoOnmBicTh Oyna BUKOpPUCTaHA, HAIPUKIIAM, Y
po6oTi [141], ne po3riasHyTO MOXKIIMBICTE BUKOPHCTAHHS MEPEXiJHOIO BUIIPOMIHFIOBAHHS JIJIsI
BUBEJICHHS CUTHAY 3 IJIa3MOBO-ITyYKOBOTO MiICUIIIOBAYa.

[lepexinHe BHUNPOMIHIOBAHHS PENIATUBICTCHKUX EJNEKTPOHIB, IIO0 MAalOTh KPHUBOJIHIHHY
TPAEKTOPIIO  AOCTI/DKYBAJIOCS — paHimie IS  BHUMNAQAKIB IJJa3MH 3 BHUIAJAKOBUMH
HeopHopinHocTsMU [142]. B naHomy po3aiii po3paxoBYEThCsS HEPE3OHAHCHE IEepexiiHe
BUIPOMIHIOBAHHS PESITUBICTCHKOTO €IEKTPOHA, KWW MPH MEPETUHI MIKIUIAHETHOI yIapHO1
XBWII 0OaraTopa3oBo o00epTaeThCsi B 00JacTi HEOMHOPiAHOCTI. Po3risiHyTa TeopeTnyHa
MOJIeJIb, IO BIJIMIOBIIA€ PEATHPHUM yMOBaM EKCIEPUMEHTY, Ta MpEACTaBICHI pe3yibTaTH
PO3paxyHKY MEPEXiJHOTO BUIPOMIHIOBAHHS B pPaMKax IIi€1 MOJIET.

VY migpo3aini 4.1 HaBeneHo napaMeTpu MiXKIUIaHETHOI yaapHoi xBuii 22 ciuas 2004 poky
Ta OMHUCAHO TPAEKTOPIIO EJICKTPOHA Yy TaKik yAapHii XBwi. Y Miapo3aut 4.2 po3risgacThes
MOJIEIb 3 JIHIMHUM TpalieHTOM KOHIEeHTpalii. [Ipouec po3kinaay rycTHHE CTpyMy €JIeKTpOHA
Ha IUTIOCKI XBWI ommcanuil y migpozaim 4.3. Y migpo3aimax 4.4 ta 4.5 po3B’sa3yeTbes
PIBHSIHHSI /I BEKTOP-TIOTEHITIATY AJIs JIiHiiHOTO Tpodimo koHmeHnTtparii metonqom BKb Ta
00TOBOPIOIOTHCSI OTPUMaHI Pe3yIbTaTH JUIsl KOHKPETHUX YMOB €KCIICPUMEHTY. Y MiIPO3Iiii
4.6 BHUKJIAACHO pPO3B’SA30K XBWJIBOBOTO DIBHSAHHA JUISI HAOJNMKEHHA MAaloro 30ypeHHs
JIEJEKTPUYHOI KOHIIEHTpAIlii METOJO0M TOCIIIIOBHUX HaOJIMKeHb. BiAmoBimHI pe3yiabTaTu
O0YMCIICHHS MEPEXiAHOro Ta HUKIOTPOHHOTO BUIIPOMIHIOBAaHHSA MO/IaHO Y Miapo3ainax 4.7 ta
4.8.BUCHOBKH 710 pO3/iTy 3BeICHO y miapo3aia 4.9.

4.1.TlapameTpu MizknuiaHeTHOI ynapHoi xBuJi 22 ciuns 2004poky

[Mpunamgm  cynyramkiB  CLUSTER Tta  WIND B okoml  MDKIUIaHETHOI
KBa3iMEpIeHIUKYISIPHOT yOapHOi XBWJII BHMIpsUTM N SitU TOTyXHE eJIeKTpOMarHiTHe
BUIIPOMiHIOBaHHS Ha 4acToTi ~1.4-1.6fpe [15]. OmnouwacHo B Tiit camiii obmacti Oyno
3apEECTPOBAHO IMMiJBUIICHY KOHIICHTPAIII0 PEIATHUBICTCHKUX €IEeKTpOoHiB. ABTOpu [15]
3aMpONOHYBAJIA TEpPEXiHE BUIPOMIHIOBAHHS, SK OJWH 3 MOKJIMBHUX MEXaHI3MIB reHeparii
€JIEKTPOMATrHITHUX XBUJIb.

MixmianetHa ymgapHa xuiast 22 cidass 2004 poky [14] OGyna kxBasimepreHIUKYISPHOO
(Gsn = 8(F) Ta HaAKPUTHUYHOI 3 AIbBEHIBCHKMM uYmcioM Maxa Mp ~ 5.6. PosminbHa
3MaTHICTh TPHWJIAJIB JO03BOJISUIA OIIHUTH IMUPUHY HeomHopigHoi obmacti L < 150 km.
BigHomeHHa 3HaYeHb MarHiTHOTO MOJIS TIepe/ yIapHOIO XBUJICIO Ta 332 HEI0 CTaHOBMIIO 3.8.
[TpuGiM3HO TaKUM caMUM OYJI0 BITHOIICHHS KOHIIEHTpAIiil €JIEKTPOHIB.

TpaexTopii peNsATUBICTCHKUX €JIEKTPOHIB B OKOJI ()POHTY YZapHOi XBHJII BH3HAYAIOTHCS
CTaJIOl0 CKJIaJ0BOI0 MAarHiTHOro mois (MUKIOTpOHHE oOepTaHHs, auB. puc. 4.1 a),a Takox
TpaJieHTHAM JperoM 31 MBUIKICTIO ~ 2+310" km/C Ta apeiioM y CXpeleHux Moysx 3i
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HMIBUIKICTIO coHsiyHOTO BiTpY (Puc. 106). IlIBuakocTti apeii¢iB 3HAYHO MEHII Bijl MOBHOI
B aKoCTi enektponiB (0.5+0.8c, ne ¢ — mBUAKICTH CBITIA).

4.2.0nuc TeopeTHIHOI MojieJIi 3 JiHiiHHUM npodineM KOHIeHTpaWii

VY BumiproBanusx [15] mapmopiBcekuii pamiyc enekrpona RL Ta xapakTepHuit po3mip
IUIa3MOBOi HEOIHOPIAHOCTI L € BenmnuMHaMHU MOPSIKY COTEHb KIOMETpIB, a IOBKMHA 30HU
dbopmyBaHHs TepexigHoro BumpomiHioBaHHs [134] ckiamae Kinbka IECATKIB KiJTOMETPIB.
HuknoTpoHHa YacToTa EJIEKTPOHHOrO0 OOepTaHHS C Ha KUIbKAa MOPSAKIB MEHINa, HiX
JIOKaJbHA €JIEKTPOHHA IIJIa3MOBa 4acToTa P, sIKa, B CBOIO YEPry, B KUJIbKa pa3iB MEHINA BiJl
YacTOTH €JIEKTPOMArHiTHOTO BHIIPOMIHIOBAaHHS ®. B TakoMy BHMaJKy BIUIMBOM MarHiTHOTO
MOJISL HA JeNIEKTPUYHY MPOHUKHICThH TUIA3MH MOYKHA 3HEXTYBAaTH, a POJIb MarHiTHOTO IOJIS
nojsrae jume y (OpMyBaHHI KPHUBONIHIHHUX TPAEKTOPIH eNeKTpoHiB. Takum YHHOM,
MPUXOIUMO JI0 MOJEJ €JIEKTPOHA, 10 Ma€ CKIIAJHY TPAEKTOPII0 B CIaOKO HEOMHOPIAHIN
130TPOIMHIH TUIa3Mi.
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Puc. 4.1 O6macTh MIKIUIAHETHOT KBa3iMEepPICHIUKYISAPHOT yAapHOi XBWIi (CXeMaTH4HE
300payKeHHs): & —KOH(Irypallisi IOoJIiB, TPAi€HTIB Ta TPAEKTOPII €IEKTPOHHOTO Apeiidy; O
—podiTi MarHITHOTO TOJIS Ta KOHIIEHTpAIii.

VYnapua xsuns 22 ciuns 2004poky pyxanacs 3i mBuakictio 740xm/c *[0.9; -0.3; 0.3] GSE
[14]. Kopucryrource mganumu OMNI, MoXHa BCTaHOBHTH, IO YyCEpEAHEHA IIBHJIKICTH
COHSTYHOTO BITPY Tepea GpOHTOM yaapHOi XBWJIl 3emili Ha e MoMeHT ctanoBmia 550-600
kMm/c. [Tpunycrumo, mo 3apeectpoBani cynyrHukaMu CLUSTER pensTUBICTCHKI €EKTPOHU
IpeidyIoTh 31 MBHUAKICTIO COHsTYHOTO BiTpY Bix CoHist. Toal yaapHa XBUJIsS Ha3IOTaHSATUME
€JIGKTPOHHU 1 B CHUCTeMi BIJUIIKY, TOB’si3aHIN 3 yJapHOIO XBUJICIO, BiZOyBaTHMMEThCS Iperd
enekTpoHiB 3i mBuakicTio 150-200km/c. O6macTh HEOAHOPIAHOCTI (CTpHOKa mapameTpiB B
yaapHiii xBuii) mpostitae 3i mBuAKicTio 740 km/c MoB3 Maiike HEpYXOMi CYIyTHUKH 3a 4ac
nopsinky 0.2c. TpuBamicth mepeOyBaHHS €IEKTpoHAa B 007acTi HEOJHOPITHOCTI Oyre
HOPSIKY CEKYHIH, 1 €IEeKTPOH 13 IMKJIOTPOHHUM TepiofoM 3-8 MKC 3poOHThH y I1iii 00aacTi
JEKUIbKa COTeHb MHUKJIOTPOHHUX 00epTiB. OTke, AOCTIKyBaHE HEPE30HAHCHE TEpPEexXiTHe
BUIIPOMIHIOBaHHSA, MOXK€ OYTH JOCHTh €(QEeKTHMBHMM 3a paxyHOK 0ararokpaTHOTrO
MIPOXO/KECHHSI €JIEKTPOHA Yepe3 001acTh HEOTHOPITHOCTI.

[IIBUIKICTH TPOBITHOTO IEHTPY B3AOBXK TPATI€HTy 3HAYHO MEHINA, HIDK MIBUIKICTH
HUKIOTPOHHOTO oOepranHHs. Tomy B mepuioMy HaOJMKEHHI MOKHA PO3IIIIHYTH MOJENb, Y
SKIf €JIeKTPOH PYXa€ThCs MO KOJIy B 00JIACTI 3 JHIHHOIO 3aI€KHICTIO KOHIIEHTpALii M1a3Mu
BiJI KOOpJAWHATH, a IEHTP LOI0 KOJIa MOBUIBHO PYXAEThCS B3IOBX rpamieHTy. IlepexigHe
BUIIPOMIHIOBAaHHS ICHYBaTHME BECh 4Yac, MOKU TPOBITHUI IEHTP 3HAXOAHWTHCS B 0OOJIACTI
HEOJHOPITHOCTI, 1 HOT'O BIIACTUBOCTI TaKOXK 3MIHIOBATUMYThCSI TIOBLIHHO.
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Sk mepmmii KpOK, pPO3IIISTHEMO MOJAETb, y SKIA eNeKTpoH 00epTaeTbcs HaBKOJIO
HEPYXOMOTO IIEHTPY B IUIa3Ml 3 JIHIAHUM TpodineM IieTeKTPUIHOI MPOHUKHOCTI.
BpaxoByemo e BIJIMB MarHiTHOTO HOJISl HA TPAEKTOPIIO €IEKTPOHA, a HOro BIUIMBOM Ha
JIEeJIEKTPUYHY MTPOHUKHICTh Ha YaCTOT1 BUITPOMIHIOBAHHS HEXTYEMO.
CxemarnuHe 300pakeHHs JOCTIKYBAHOI CHCTEMH MOJaHO Ha puc. 4.2. BBaxatumemo,
10 00epTaHHsI eJIeKTPOHA BiOyBaeThCs y rtommHi X0Z.
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Puc. 4.2. Mopenb enekTpoHa, IO OOEpPTAEThCA y IUIa3Mi 3 JIHIMHUM TPaIi€HTOM
KOHI[EHTpAIIii.

4.3.Po3ky1a TYyCTHHH CTPYMY €JIeKTPOHA, IO 00€PTAETHCS, MO MIOCKUX XBHISAX

Jns toro, mo6 o0YMCIUTH TEepexiHe BUIPOMIHIOBAHHS EJIEKTPOHA, SIKH 00epTaeTbes
HaBKOJIO JIiHIM MAar"iTHOTO TOJISl, 3pYYHO PO3KJIACTH CTBOPEHY HHUM TYCTHHY CTPyMY IIO
IUIOCKUX XBWJISAX, 3HAWTH MepexilHe BUIPOMIHIOBAHHS OJHI€l TaKOi XBWII CTPyMy, a MOTIM
MiJICYMYyBaTH BUIIPOMIHIOBaHHS BiJl yC1X XBUJIb, SIK1 CKJIQIAI0Th CIIEKTP CTPYMY €JIEKTPOHA.

3rigHo 00paHOi Mojeni eNeKTPOH O0epTaeTbcs MO KOoJIoBiM opOiTi B monuHi Z0X
(puc. 4.2).Toxai foro pyXx ONMUCYBaTUMEThCS TAKUMH 3aJIC)KHOCTIMU KOOPIUHAT BiJ] 4acy:

x (t)=Rcoswt; y()=0; z()= R simy t

ne wc = eCBE.,— muknoTponna yactora, R. =V/w¢ — paziyc Jlapmopa.
3a TaKUX yMOB BiJIMOBIIHI KOMIIOHEHTH IIBUKOCTI 3aMUIIYTHCS B TAKOMY BUTJISII:

v, (t) =-vsinat;

X

v, (t) = vcoswt,

a TYCTHHA CTPYMY, YTBOPEHOT'O OJHUM €JIEKTPOHOM, Oy/ie

i(F.t)=e@y, +&y,)d(F -7 (t) = eV, +EV,)3(x — X(1)3(z - Z(t))3(y) -

Po3knazeMo KOMIOHEHTH TYCTUHU CTpYMY B iHTerpain Oyp’e 3a KoopauHaTaMu:
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ix.(Rit) = (t)j d(x—R_coswt)exy ik, X dxj 0 (= R sin, t)ex(),ir”) dx

(27)°
[ oty explin,y) dy= st

(2n)
1€ K —XBUJIbOBUI BEKTOP XBHJII CTPYMY.

[omamo ryctuny crpymy y ¢dopmi psny Pyp’e 3a yacoM, OCKUIBKH B JTOCIIIKyBaHIN
MOJICITI PyX €JIEKTPOHA MEePIoaNUHuiT 3 epiogom 2/ w:

expl,R cos,.t)expg R siwt ),

sz Z Cnx nz equnwx)

n=-—oo

[Ticna nepeTBopeHb aMIUTITY U rapMoHiK Dyp’ € MOKHA MOAATH Y BUTIISL

Cone(K) = iV—e)S{J rH(J/(ZX+/(“2RL)exp[ i(n-1 arctqx, k”)}? Jﬂ1(1//(2x+ K RL) exE () arcly K{lﬂ}

2(2r

ne Jn — dyskuis beccenst n—ro nopsaxky. TakuM 4MHOM, PO3KiIaJl KOMIOHEHT I'YCTUHU CTPYMY
MO MJIOCKUX XBWJISIX M€ BHUTJISI:

(R1)=CY @B kk)  L(RY=0 [(RY=-ICY Bk 4). (@)

n=-—oo n=-oo

e BI/IKOpI/ICTaHi ITO3HAYCHHSA

B, (k) =3, ( [+ K )exp[ i( n+ 1) arctg(/(X k”)]¢ Jﬁl(,/K2X+Kﬁ RL) exE () arc(g( . /ql)]

1 BpaxoBaHO, 10 TPAEKTOPIS EICKTPOHA JICKHUTH Yy TomuHi X0Z

4.4, XBWIbOBe PiBHSIHHA /51 BEKTOP-NOTEHIlialy Ta i0oro po3B’ si30K 3a 10MOMOI 010
MeTOy reOMeTPHYHOI ONITHKH /ISl JTiHITHOT0 IPalieHTY KOHLeHTpauil

Jnis 3pydHOCTI OTPUMAaHHS XBWJIBOBOTO PIBHSHHS NEpEHeMO Bifl €JIEKTPUYHOTO Ta
Mar”iTHOTO TIOJIIB 10 BEKTOP-TIOTEHIIay A, HAKJIABIIW Ha €JICKTPOCTATUYHUN MOTEHIIAT ¢
kaniOpyBanbHy ymoBy ¢ = 0. Toxmi XBHIbOBE pIBHSHHS Ui BEKTOP-TIOTEHLIATY MOXHA
noaatu y ¢popmi

grad divA- AR =2 5 + sk A, 4.2)
C

[puiiHsATO, 1110 3aJIEKHICTh BEKTOP-MIOTEHITIATY BiJ] Yacy Ma€ BUTIIAA eXP(wt).

Posrnssmemo mogmens 3 JiHIMHUM TpodisieM KOHIEHTpallii, TOOTO BBaXaTUMEMO, IO
e(2) =1 + (e2—¢1)ZIL, ne €1 Ta . —3HAYCHHS ICJICKTPUIHOT MPOHUKHOCTI BiJTIOBITHO TIEpE]]
dbpoHTOM Ta 32 PPOHTOM yIapPHOT XBHIII.
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Jlist 3pydHOCTI PO3KJIaIEeMO BEKTOP-TIOTEHI[iaJl Ta TYCTUHY CTPyMYy €JEKTpOHa Ha
napajesbHy Ta MEePHeHIUKYISIPHY 10 TPa/lieHTY KOHLIEHTpPAallii KOMIIOHEHTH:

A:eZA“+Aj; j:ézj||+TD'
Baaxarumemo, mo A(F) = A(z) exp{— i(k,x+k, y)], 1 CKOPHCTaEMOCS TIO3HAYECHHAM

k, =€k, +€Kk, . Toni3 (4.2)MOXHa OTPMMATH XBUJILOBE PIBHAHHS VISl A, IO ONKCYE

30yPKEHHS eJIEKTPOMArHiTHOTO TOJIS IOCKOK0 XBUIICIO CTPYMY |~ ex;{ i(wt -/?F)]

d2A|+1§d_Al_(k2_ék2)A:4_” K4 Kn(amlﬁm)
dz2 edzdz ‘7 “°/) 2

4.3
ol i (4.3)

3a JgaHMMM ~ BHUMIPIOBaHb ~ YacTOTa  CIIOCTEPEKYBAHOTO  CIEKTPOMArHiTHOTO
BUIPOMIHIOBAHHS OUlbIIa BiJl TUIA3MOBOI YacTOTH. TOMy, OYEBHIHO, TOYKA JIOKAIHHOTO
IUIa3MOBOTO PE30HAHCY Ha MNpodimi JdieNeKTpu4HOi NPOHUKHOCTI &(Z) BincyrtHs. s
MOMIPHUX 3HAa4Y€Hb K7 TOYKA BIMOUTTS I €JICKTPOMATHITHUX XBHWJIb TAaKOX BIJICYTHS
(OCKUIbKM TYCTHHA IJIa3MH 3QJICKHUTh JIMIIE BiJl KOOPAMHATH Z, TO JJIS CJICKTPOMArHiTHOI
XBWII 3 XBUJIBOBUM BEKTOPOM k, 30y/KyBaHOI TJIOCKOI0 XBWJICKD CTPYMY 3 XBHIBLOBUM
BEKTOPOM K , TIOBUHHA BHKOHYBaTHCh yMOBa K = IZD). OTxe, B IbOMY BUTIIAJIKY PO3B’ 30K
piBusHHs (4.3) MOKHA 3HAWTH B HAONMKCHHI T€OMETPHYHOI ONTHKH. lle HaOIMmKeHHs
3aCTOCOBHE JIMINE 3a BHUKOHAHHsA HepiBHOCTI 27/k; << L. IHmmMu cioBamu oTpumMaHuil y
IbOMY HAOIIKCHHI pe3yabTaT CIpaBeUIMBHHA 3a ymoBH COSH >> 2r/(Kpol), T0OTO Y
miama3zoHi KyTiB 6 << 0qp12= arccos[zc/(ey, 2)1/2an|_)] ne 6 — KyT MI)K HATIPSIMKOM
MOIIMPEHHST BUIIPOMIHIOBAHHS Ta BICCIO Z, XBWIbOBI umciaa Ky, = (312) ko BiAMOBiNAIOTH
MEepexiTHOMY BUIPOMIHIOBAHHIO, III0 TOIIUPIOETHCS Has3aa Ta BIepea, a iHaekcu 1, 2
BIJIMOBIIAIOTH TJIa3Mi miepea (POHTOM yIapHOI XBWJII Ta 3a HUM. MiHIMAJIBHUN MTOPOTOBUI
KYT Onop U1 OOpaHUX IApaMeTpiB CUCTEMM CKJIaJa€ A HaHHMKYMX MOKIMBHX TapMOHIK
(n ~ 150),6ins 83°.

PiBusiHHs (4.3) € NiHIHHAM Ta HEOJHOPIIHUM, TOMY HOTO PO3B’SI30K € CYMOIO JTOBUIBHOTO
YACTUHHOTO PO3B’ 3Ky HEOJHOPIMHOTO PIBHSHHS Ta 3arajlbHOTO PO3B 53Ky BIIMOBITHOTO
OJTHOPIAHOTO PiBHSHHS.

Po3B’ 5130k BIAMOBIAHOTO OMHOPIAHOTO PIBHSAHHS y HAOJMIKEHHI T€OMETPHYHOI ONTHUKH
CKJIaJIA€ThCS 3 ABOX JOJAHKIB, SIKi BIAMOBIAAI0TH NPSAMii Ta 3BOPOTHIN XBHIISIM:

Al(z):ﬁ[qmwm azl+ Gex-['\e(9 £~ K ag (a.4)

Y mpaBiii uactuHi piBHsHHA (4.3) CTOITh IUIOCKA XBWJIS TYCTHHH CTPYMY,
] ~ exp(+4xz). Tomy 4acTMHHHUH pO3B’A30K HEOAHOPIAHOrO piBHAHHA (4.3), mo omucye
EJICKTPUYHE TOJIE Ii€T XBUIII CTPYMY, IPUPOJIHO IIYKATH Y BUTIISII

A“(z) = B(z)exp(— i/(”z).
3anexHicTh B(Z) 00yMOBIIEHa HEOHOPIIHICTIO CEPEIOBHIIA | BU3HAYAETHCS BUPA3OM:

exd—ldb ]

Comlbnio

B(z) = exp{lcb( 2)oz
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ne f(z)exp(-x)2) —npasa yacTuHa piBHAHHA (4.3),

of)=j ¥4y, () =ye (A e~ R,

2/(||

Jnst mocmipKeHHsT B3a€MO/IIl XBUJIb Y HEOJHOPITHOMY CEPEIOBHIII BBEIAEMO 3aJICKHICTh
TE€OMETPUKOONTHYHUX aMIUTITYy] Bifg KoopauHatd [142]. Tomi ocraTodHuii po3B’ 30K
piBusiaus (4.5)mae hopmy:

i exg-io(z 'KIIZJJ' f(2) exdio(z)]dz,

—2L__exdi CZ(Z) exg-iylz
dig(2)]+ NEone) d-ig(2)]+ 0 2 Je7]

A=

(4.5)

e l// j k,dz — eitkoHa.

Ockinbku popmyna (4.5) 3anae 3amicts oaniei HeBinomoi ¢ynkuii A2) n8i — C1(2), Ha
HUX MOYKHA HAKJIaCcTH J0JaTKOBY yMOBY [142]. O6epemo 1i y dopmi

B eufiu(e]+ “S D exl-iula]-| g6+ 2 Ko exivlelc Hexd-iue) =o
(4.6)

[MTincraBuBimm po3B’ 30k (4.5) no piBHsHHS (4.3) Ta BUKOPHCTABIINA JI0JaTKOBY YMOBY
(4.6),MoxHa PO3B’ s3aTH OTPUMAHy CHCTEMY LIOJO MOXiTHUX BiJ aMIutiTyn Cq A2):

012t
dcg—iz):j—';cz(z)%(%;j (dexel i@ —'_ZF 5(2)

[lepiri aBa [gomaHKM B MPaBHX YacTHHAX pIiBHAHL cucTeMd (4.7) OMHUCYIOTH
TpaHchopmaliro mpsAMoi XBWII B 3BOPOTHY 1 HaBmaku. OcCTaHHI JOAAHKH ONHCYIOTh
TpaHchOpMaIlito €IEKTPUYHOTO IO XBHJII CTPyMYy B €JIEKTPOMArHiTHE BUIPOMIHIOBAHHS.
Po3paxyHOK mepexiiHOro BUIPOMIHIOBaHHS 33JaHOi XBHJI CTpyMy BIEpea Ta Haszaj, ILIO0
BU3HAYAETHCS aMIUTITyaMu C1 2, 3BOJIMTHCS 10 IHTETPYBaHHSA IIOTO JTIOJAAHKY ITO BCii 00acTi
HEOIHOPITHOCTI 3aBIIMPILKH L

C.,

£(z) d*B(z P
—j exp{ iz Fiy(z )] . (4.8)
k,(zZ) dZ
Po3paxyHOK 11bOTO iHTErpaly B HAOJIMKEHHI TEOMETPUYHOI ONTUKHU I BULIPOMIHIOBaHHS
Ha N-1if rapMOHIIll ITUKJIOTPOHHOT YaCTOTH A€
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CMZZi]T(gcn/l(—l__ngZ)Céw{ [Kks/g(ng_[) (}B+/:/ik8 -exp| Figr (L) |-

(4.9)
—i[ k* =€, (0)k,* | B, + KK,B,,

SOk aT] Y (0)]} '

Ilepeiinemo Big aekapToBOi 10 CHEPUIHOT CUCTEMH KOOPIUHAT, BPaXyBaBIIH, [0
e(z=0)=¢; e(z= D=¢, k,= k&,
k. =kcosg, sing, ; k = ksip, sid, ; k,= k co8,

ki + k= k’sin’8,; r=yx’+ y*+ 7%

X=rcos®, sid, ;y=r sip, si® ;z=r co§

Kytu 3 innexcamu K ta r 3a1ar0Th BiAMOBIAHO HAMPSIM XBUJIBOBOTO BEKTOPA Ta HAIIPSIM Ha
TouKy crocrepexenns. Tomai Bupa3 (4.9)HaOyBae BUTTIAIY:

c = En=én) )T («? - £,k°) B+« /em,zkocos¢ksin9k8nxex %mkocosekL 3,2}_
n1,2 ~ n2

ckL ( Jeak, COS@k)m[( Jeoks co§k)2 + Kz} 2(&,— ) i

_ _i (K2 _gnlkoz) an '*‘/(4 ¢5n1,2koC05¢k Sieran |:¢§ |k0 COS@kL £ 3/2:|
( EqK, cosHk)S/z[(\/g_nlko co§k)2+/(2} 2 (£nz —€n1) "

Jlnst oHI€ET TIIIOCKOT XBHJII CTPYMY BIMIOBIIHI BEKTOP-TIOTEHITIAMM 71 BUTIPOMIHIOBAHHS
Bnepe;[ Ta Ha3al 3aHI/II_HYTBC$I y BI/II‘J'DI,Z[i:

Co1(2)

exd-i(k,x+k,yFk,2)] (4.10)
gnl,Z z kZl,Z z

Az (Z) =

Buxonaemo 3BopoTHe neperBopeHHs Pyp’e 1o Ky Ta Ky, BpaxyBasm, 1o

dkdk, = k?sing, cosd,dé,dé, ,
—i(k,x+k,yFk,z)= -ikr[sin®, sing, co{®, - @, )F cosd, cosF,].

Otpumaemo:

Ans2(2) deI %JLexp (kx k¥ kY=

i77(£,,— € exp| ik, 1 (SiN®, sirg, coéCD -4)F c®B, caiﬁ]?(

—k? n2 Cl| d in 26, &G,
K2 ckL J;¢kj;sm Kk \/5n12 2) cosb,
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eXp|:¢§ |k0 COSHkL n23/2j| |:_I (K2 - £n2k02) an + K\/Trﬂ,zkocow k Sirﬂanx] _

2 (&0 =€) (\/ak0 cos@k)m[(\/s—nzko c0519k)2+/(2}

_ 2 2 [ i
eXp|:_ 3 |k0 COSHkL £n13/2:| |: I (K gnlko ) an tK gnl,zkocos¢k Slrﬁanx:| . (411)

(\/fs_nlk0 cos@k)m[(\/,s_mko c0519k)2 +K2}

[nrerpamu (9) y nanekiit 30Hi (Kyof >>1) MoXXHa po3paxyBaTH METOAOM CTalliOHapHOT
¢da3zu. Touku cramioHapHoi a3y AJIA IHTErpajiB Mo @k Ta Gk BIAMOBIIAIOTH HAMPSIMKaM Ha
TOUYKY criocTepekeHHs: gk = @ ta Gk = Or. TakuM YMHOM, IPUXOAUMO JI0 BUPA3Y:

iam?(e,, -£,,)  cos©

= —k,,C :
A|nl,2 (K) 12 CK”LI’ |Coier + Gr ] X
5 exd— ik,,r(sin’©, ¥cos’ ©, )Jexdi Osy T4 +i 53,,977/4] y
\/gnl,Z (Z)kLZ (Z) COS@r

F{_ 3ik, cos®, L 3,2} [— i (/(”2 - kzz)BnZ + Kk, cOsP, sin®, an]
AR DT Ty e 312 2. 2] B
2 (8”2 B 8“1) (kz COS@r ) |_(k2 COS@r ) tK J
r{‘ 3 ik, cosO, L 3,1 [— i(/(”2 -k )an + Kk, cos®, sin@, an]
“expt nt 3i2], 2. 2]
2 (‘gnz - gnl) (kl COSer ) |_(kl COSer ) + KII J

(4.12)

Bupas (4.12)Heo0xiHO 1me MpoiHTerpyBaTy 1o xj|. OGUNCIEHHS BiAIIOBIHOTO IHTETpaTy
BUKOHYBAJIOCS] YUCIIOBUMH METOAAMHU.

3HalO4YM aMIUTITYyy TapPMOHIKH MO3JI0BXXHBOT KOMIIOHEHTH BEKTOP-TIOTEHINialy, MOKHA
OTPUMATH pajiajbHy KOMIIOHEHTY BekTopa [loiHTiHra!

0= ce £2 __N’af &2 (Sin°O, Fcos O, . 113
Rz qg @ c Am sin®, ht2: (4.13)

4.5. Pe3yabpTaTH, OTPHMaHi NPH PO3B’SI3aHHI XBWJILOBOIO PIBHAHHA MeETOI0M
reoMeTPUYHOI ONITHUKM ISl JIIHIHHOTO rPaJieHTy KOHIeHTPAaIil

Ha puc. 4.3 nokazaHo THMOBI JiarpamMu CIPSMOBAHOCTI TMEPEXiTHOTO BUIIPOMIHIOBAHHS
BIIEpE] Ta Ha3ajl, 30YKEHOrO MapLiajJbHOI0 XBWICIO TYCTHHHM CTPYMY, pPO3paxoBaHi Ha
OocHOBI po3B’si3ky piBusHHS (4.3). BunpominioBanHs Brepea BiAOyBaeThCs B JIiama3oHi
akcianpHux KyTiB 0 <O <7/2, a Hazang — y pianasoHi 7/2 <<z Sk 3a3Hayanocp y
MOTIEPETHBOMY ITAPO3/1JIi, PO3B’ A30K OTPUMAHUN y HAOIMIKEHHI TE€OMETPUYHOT ONTUKH, IS
00paHuX ImapaMeTpiB Ma€ 3MICT JHIIE I KYTIiB Onop << 83°.ToMmy 1i JiarpaMu MarOTh 3MiCT
JuIIe B 0OMEXEHOMY JAiana3oHi KyTiB 6. SIk BUIHO 3 miarpam, y JOCTiIKYBaHOMY Jiamna3oHi
KYTiB BUIIPOMIHIOBaHHS CKOHIIEHTPOBAHO TOJIOBHMUM YWHOM Y 00JacTi, /ie NOJSAPHUN KyT ¢ =
0, o BiAMOBiga€ TUIONIMHI 0OOEepTaHHS EJIEKTPOHA.

Sk BugHO 3 puc. 4.3, niarpama CIpsSIMOBAHOCTI Ma€ OCLWIIOIOUY CTPYKTYpy. Lle moxHa
MOSICHUTH THM, III0 JOBKHHA XBHJI CIOCTEPEKYBAHOTO BHUIIPOMiHIOBAaHHS (3-4 M) 3HAYHO
MEHIIIA BiJl TJAPMOPIBCHKOTO pajiiycy oOepTaHHS eNeKTpOHa, TOOTO, MO CyTi, XapaKTepHOTO
po3Mipy BUIpoMiHIOBa4Ya. ToMy B Jajekiil 30H1 CIIOCTEpIraeTbes iHTEpPEpeHIliiHa KapTUHA
(puc. 4.3)nepexiTHOTO BUIPOMIHIOBAHHS €JICKTPOHA 3 PI3HUX YaCTHH HOTO TPAEKTOPIi.
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[loTy)xHOCTI BUNPOMIHIOBaHHS BHEpEA Ta Ha3aj] BUABIAIOTHCS OJHAKOBUMH 32
HOPSAKOM BeMM4nHH. Lle MOXKHA MOSCHUTH THM, IO PEIATUBICTCHKI €JIEKTPOHH, IO JAI0Th
nepexijHe BUIIPOMIHIOBaHHS MEPEBAKHO BIIEPE/I 1M1l MATUMH KyTaMu 10 mBUAKOCTI [134], B
JAaHOMY pa3i 00ePTAIOTHCSA 1O KOIY.

' 2 "0 o
T epric. ﬂ o
S HE =

Puc. 4.3 Miarpama copsMOBaHOCTI TapMOHIKM pajiajdbHOI KOMIIOHEHTH BEKTOpa
[MotiuTiara (N = 250) mepexigHOro BUMIPOMIHIOBAHHS B JaieKiil 30HI (& — BUIIPOMIHIOBAHHS
Briepen; 0 — BUMNPOMiHIOBaHHS Ha3aa). OOYMCIICHHS MPOBEIACHI JUIS PEISTHBICTCHKOTO
enekTpoHa 3 eHeprieto Ee = 300keB y mma3mi 3 KOHIEHTpamisasMu = 1-10 M3 nepea ta Ny
=2.2-16 m™ 3a dponTom ymaproi xBuii, MarmitaHEM momem B = 16-10° T ta posmipom
HeogHopigHocTi L = 150km.

[TopiBHIOIOYM OTpUMAaHI Pe3yJbTaTH 3 PO3PAXYHKOM IMEPEXiAHOTO BUIIPOMIHIOBAHHS IS
PENSATHBICTCHKOTO EJIEKTPOHA, IO PyXaeThesl HpsAMONiHiiHO [134], MokHa moOayuTH, IO
KOJIOBAa TPAEKTOPIsA, sIK 1 chig Oyno dYekard, 3abesrnedye 3HAYHO BUIY €()EKTHBHICTh
BUIIPOMIHIOBaHHS.

Jnst Toro, mo0 OTpUMATH CHEKTP BHIPOMIHIOBAHHS, HEOOXIJHO TMPOIHTErpyBaTH
JiarpaMu CHpsSIMOBAHOCTI KOXXHOI TapMOHIKM IO BCIX MOXJIMBUX KyTax ¢ Ta 6. OcKilnbkH
METOZIOM TE€OMETPHYHOI ONTHKH JliarpaMH CIPSIMOBAaHOCTI MOXKHAa OTPUMATH JIUIIE Y
00MEKeHOMY Jliana30Hi KyTiB, TO CIIEKTP MOXHA JIUIIE IPyOO OL[iHUTU 3HU3Y.

Sk yxe BKa3yBajocCs, HaBeIEHHUH BHILE PO3pPaxXyHOK OyJlI0 BHKOHAHO y HaOIMKEHHI
reomerpuunoi ontuku (BKB), ToMy oOuYHCIeHHS MMepexiHOro BHUIIPOMIHIOBAHHS B OKOJI
0 =rnl2 B upoMy HaOmMWKeHHI HeMoxuuBe. JlilicHO, B IbOMYy BHIAAKy Ha npodiii
KOHIIEHTpAIlli IIa3MH 3’ SIBIAEThCS Touka, na¢ K, =0 (rouka MOBOpPOTY e€NEKTPOMArHiTHOL
xBwii), B okoii sikoi HaOmwkeHHs BKB He BHKOHYeTbCs. 3 iHIIOrO OOKY, HMOPYIICHHS
naommwkenHss BKB Bkazye Ha Te, 1110 epeKTUBHICTh MEPEXITHOTO BUIIPOMIHIOBAHHS y IIbOMY
HaNpsIMKY MOK€ CYTTEBO 3POCTH.

Otxe, I OTPUMAHHS KOPEKTHOTO CIIEKTPY MEPEXiTHOTO BHIPOMIHIOBAHHS HEOOX1ITHO
3HAWTH PO3B’ 30K XBWJILOBOTO PIBHSHHS, SIKMI Oyle CrpaBeUIMBUM JUIS BHUIIPOMIHIOBAHHS,
110 MOIIUPIOETHCA Y HAMPAMKY 6 = 71/2.

4.6. Po3B’sI30k XBHJLOBOI0 PIiBHSHHS Ui BEeKTOP-MOTEHIiaJly NpPH MAaJIUMX
30ypeHHAX AieIeKTPUYHOI MIPOHUKHOCTI IJIa3MHU

VY migpo3ninax 4.4-4.5xBunboBe piBHSIHHS (4.2) po3B’A3yBajiocs 3a JONOMOTOI0 METOJY
reomerpuunoi ontuku (BKB) B mpumnyIienHi, o mpocTopoBuii MacmTad HeOaHOPigHOCTI L
3HAYHO OUTBIIMIA BiJ JOBXHHM XBHJII A  CIEKTPOMArHiTHOIO BHIPOMIHIOBaHHSA. B
pO3paxyHKy MEpEeXiTHOTO BUIPOMIHIOBaHHS Mpo(]iih KOHIEHTpaIlli BBa)KaBCs JIHIHHUAM, a
BHECOK TOYOK BiJIOMTTSI HE BPaXOBYBABCSI.
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Ane, ik y)Ke BKa3yBayocs, 11€ HAOJM)KEHHS HE BUKOHYETHCS JUIS aKClaJbHHUX KYTIiB 6,
Onmu3bKUX 10 71/2 . 30ymKECHHST BUIIPOMIHIOBaHHS y I[bOMY HAIlPSMKY Ja€ CYTTEBUI BHECOK
0 TIOBHOI 1HTEHCHBHOCTI MepexigHoro BumpoMiHioBaHHSI. Omxke, meronom BKB moxHa
OTPUMATH JiarpamMy CHOPSIMOBAHOCTI JIUIIE JJISI OOMEXEHOTO [Jlama3oHy KYTIB 1 CIIEKTP
BUIIPOMIHIOBaHHA MOXHa JUIe rpydo ouiHuTu. Tomy mocTtae HEOOXiIHICTH PO3POOHTH
MOJIeIb, siIka O He Mayia MOMIOHWUX HEOJIKIB 1 JO3BOJIMJIA OTPUMATH CIIEKTP MEPEXiTHOTO
BUIIPOMIHIOBaHHS.

B ymapniit xBuwmi 22 ciuas 2004 poky HaWOUIbII 1HTEHCHUBHE €JIEKTPOMAarHiTHE
BUIIPOMiHIOBaHHA Ha 4acToTi ~1.4-1.6pe siKe Moxe OyTH IOB'A3aHE 3 HEPEXiTHUM
BUIIPOMIHIOBAaHHSIM DEJISTHBICTCHKUX €lIeKTpoHiB [15], cmocrepiranocs moO/m3y pisKoro
cTpuOKa mapameTpiB B yAapHii XBuii. Y 1ii 001aCTi KOHIIEHTpALlis [UIa3MU Pi3KO 3MIHMJIACh
Bixg 10 Y o 22 oMl Ile BigmoBigae Bapiarii gienekTpuaHoi npoHUKHOCTI Big 0.6410 0.84
JUIS YacTOT, Ha SKHUX CIOCTEpPIraeThCs EJIEKTPOMAarHiTHe BHIIpOMiHIOBaHHSA. OTxe,
JIEJEKTPUYHI TPOHUKHOCTI Tiepea Ta 3a (pOHTOM yAapHOI XBWJII Mayo BiIPI3HIIOTHCH, 1
3aJISKHICTh J1eNEKTPUYHOT MPOHUKHOCTI B30BXK oci 0Z MOXKHA 33/1aTH CYMOIO JIeSKO1 CTanoi
CKJIaJJOBOI Ta Majoi 3MIHHOI CKJIAJ0BOi, Ky MOXHa 3aJaTH MOJICIbHOK (YHKIIEO
£(z)=¢, - (£,/2)th(z/L) (muB puc.4.4a). Ockinbku aMILTITYyAa &, 3Ha4HO MEHIIA BijJ cTaol

cknanoBoi&, (muB. puc. 4.40), To XBWIbOBe pIiBHSAHHA (4.2) MOXHA pO3B’sA3yBaTH,

KOPHCTYIOUHCH METOIOM ITOCTIIOBHUX HaONMKEHb 32 MaJIUM ITapaMeTpoM &,/ &,.

pe 0.8}
N 0.6}
iz
» 0 4l
B® o2l
R
. 60 70 80 f.kMy

a 0
Puc. 4.4: a —cxemaruuyHe 300paXCHHS MOJENI ENEKTPOHa, L0 obepTaeThcst y mnpodii
TieeKTPUYHOT MPOHUKHOCTI £(Z) =&, - (£,,/2)th(z/L); © — 3anexHICTh € Ta &m BiJl YaCTOTH
JUTsE 0OpaHuX mapaMeTpiB Mojeli (THX caMuX, 1o st puc. 4.3).

[Tpu po3B’si3anHi piBHAHHS (4.2) B maHiii MOAETi 3pydYHO, 5K 1 B IMOIEPEIHBOMY BHITAIKY,
PO3KJIACTH BEKTOP-TIOTEHINiaJl Ta XBUJIbOBI BEKTOPHM HA KOMIIOHEHTH, NapaieibHi Ta
nepneHauKYIsIpHi 10 oci 0Z:

A:éZA|+ﬂD; Izzézk”HZD; K =€k, + K.

Manu3na 30ypeHb MieeKTPUYHOT MPOHUKHOCTI TUTa3MU J03BOJISIE PO3B’s3aTH PIBHSIHHS
(4.2) meTogom mociioBHUX HaOmmxkeHb. OTKe, MIyKATUMEMO PO3B’ SI30K piBHAHHS (2.2)y

bopmi A= AO + '&1 BpaxoBy[OuH, o &(Z)=&,+&,(2), 1 & >>&; ,&O >> /&1 Toni,
3aJTHINAIYH JIUIIE TOJAaHKU HYJILOBOTO TOPSIIKY, MOKHA OTPUMATH TaKe PIBHSHHS:

5 _4rke,] - k(R )
A Ckg‘go(Kz_kg‘go) ' (449
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Pisusians (11) Gyio oTpUMaHO IS TMapLiadbHOI XBHI CTPYMY |, A) ~exp(i(at - AT)) .
Benuunna 'Bb OIUCYE BJIACHE TOJIE €IEKTPOHA Ta IUKIOTPOHHE BUIIPOMiIHIOBAHHS, ITOB’ A3aHE

3 fioro o0epraHHsIM. BimoBigHa ryCTHHA OTOKY €HEprii UKJIOTPOHHOTO BUIIPOMIHIOBAHHS
MOKe OyTH 3HaijeHa 3 aHamoriydoro m0 (4.13) piBHSHHS IS pafiaabHOI KOMIIOHEHTH
BekTopa [loifHTiHra:

} R C\/_ Eﬁzn _E%(ij (lzD'B\]On)2 - a)z \/_ A\|0n (415)

" A T sin26 47T sin’@

Jns 1bOoro Mo370BXKHS KOMIIOHEHTAa BEKTOP-TIOTEHIiaNy Mae OyTH 3HalIeHa IIIIXOM
3BOPOTHOrO nepeTBopeHHs Dyp’e:

ﬂC|:( lQ)Z‘E‘O _Kﬁ) sz - iK|{(x an:|
Ckggo (Kz - kozgo)

= ﬂ dk, dk, dk N exp[—i/(“z — K X— i/(yy} : (4.16)

InTerpamu y Bupasi (4.16), nepedmoBmy 10 CPepHUYHUX KOOPIUHAT, MOXKHA OOYHCIHTH
3aCTOCOBYIOYHM METO]I CTallloHApHOT a3y y majeKiil 30H1 Ta METOT JIUIIIKIB.

Po3B’s30xk A pIBHSHHSA MEpHIOr0 MOPSAKY BIANOBIJA€ BIACHE IEPEXiTHOMY
BUNPOMIHIOBaHHIO. Ha BinMiHY Bia poO3B S3Ky, BUKJIAIEHOTO B Mimposaunri 4.5, meTomom
nociigoBHux HaOmmwkeHb it (K A,) BHXOAMTH HPOCTilIe PIBHSHHS, HDK JUIS A1||- Bono

Ma€ BUTIIAL

{‘?—;_(ké_kg%)}(ﬁu%(z))z ¢ -1ce) ()(DAE) K9 (e (). (4.17)

& &, dz

AHAJIOTIYHO JI0 pO3B’ 13Ky, onucaHoro B [134], (IZDALD) Ta & (Z) MOXHa BUPa3UTH,
KOPHUCTYIOUHCH TIepeTBOPeHHAM Dyp’€:

k. &, (2)= (R’D ” di Ay (i Jexd- ik”zD; e,(2)= £mth% =" dK exd-iKz, (K).

Toxi MmoxxHa oTpUMaTH piBHAHHS 11 Dyp’ € MepeTBOpEeHHS (lzD 'B‘m) :

. __k2 Bm+ AhOm(K +K||) € L
(kAL (K +1)) = g—i[(K i) _Eokg} 4rii sinh(7KL /2’

(4.18)

Jie BeIuunHu By Ta Ag BUBHAUaIOTHCS BUPA3aMH:
= (- K2y 1k JKoArn): A2)= A exi-in2)

Ta OyJI0 BpaxoBaHO, 110

1% : Em L
El(K) ZET J‘EmthEeXd|KZ)dZ— ESh(]K—L/Z)
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TakuM YHHOM, MOKHA OTPHMATH (IZIj D&m(z)), 3aCTOCOBYIOYHM 3BOPOTHE IE€PETBOPEHHS
®yp’ e no Bupazy (4.18):

C R gLk e exd-ilK k)] B+ ALK k)
At L Lo ST o m e ) 19

Iarerpan (4.19) MoxHa B3STH METOAOM JHUIIKIB. [l 1pbOro 10 Ai€JICKPUYHOT
NPOHUKHOCTI HEOOX1IHO JOJaTh HECKIHUEHHO Malluil 3racaroumii foganok —ivV [134]. Toxi
dbyukuis mig interpaaoM y (4.19)mae tpu nomrocu. [Tomroc K =0 3HaxoauThes Ha AifCHIN

oci 1 BIANOBIZA€ BIACHOMY MONIO €JIEKTPOHA, a MHOMOcH K lz:—/(“J_r\/(so—il/)kj—kD2

BIJIMOBIJAIOTh MPSAMiN Ta 3BOPOTHIN MapliajJbHUM XBWISAM IEPEXiJHOTO BUIPOMIHIOBAHHS
[134].

Takum YMHOM, MOKHA OTPUMATH aMILTITYly IEPEXiAHOTO BUITPOMIHIOBAHHS, SIKE
BIJINTOB1/1a€ OJIHIN TUIOCKIM XBHJII CTPYMY:

. A __‘gmLk_é(Bmi'A‘1|0rﬂ|k2|)eXr‘{¢ i|k2|z]
(kDAm(Z))_ 2 & kshk,|Tx)Lmr2) (4.20)

[ToBHE mepexiiHE BUIMPOMIHIOBAHHS, IO BiJIOBIa€ CTPyMY, YTBOPEHOMY €JIEKTPOHOM,
10 00epTaEThCS, MOKHA 3HAWTH, BUKOHABIIIN 3BOPOTHE NiepeTBOpeHHS Dyp’ € 32 XBUIILOBUMHU
YHUCIIAMU kx,ky Ta K|

. £LC 27 exp| ik, x—ik y+ [k z}x
(k Ao ) -m di ds &, & cl<§£0(/(2—l<§£o) k,sinh(|k,| &) LT /2

{ [Kn*k szu+k“] KB~ "DZ[KH( K- xi)F K @O_Klzﬂ E?}'

AHajnorivHo 10 TOro, sik 1e Oymo 3pobneHo B migpo3fini 4.4, 3pydyHO TEperTH [0
c(hepruyHOi CHCTEMH KOOpIUHAT:

X=rcos®, sin®,; y=rsin®, sin®,; z=r cosB, ;
k, =kcosg, sing,;k, =ksing, sing,; k,=kcosé,;

ks NNy

k3= ki +kJ =k?sin® ;1 = X* +y* + Z*;

=ky&; dkdk, =k*sing, cosg dg,dg,.

TakuM ynHOM, OOYMCIIEHHS MEPEXiTHOTO BUIIPOMIHIOBAHHS 3BOJUTHCS JI0 PO3PAXYHKY
iHTerpatiB 3a Kyramu @, , 6, Ta 3a XBUIHOBUM YHCIIOM K

(koA (2)=

2 Via )
:_J._o;d’(||J.d¢kJ.Sin26kd6’ exp(-ikr (sin®, sing, cod®, - ¢, )+ cosO, cosb, ) €, k

shi(k cosd, - K”)LITIZ)((kcosﬁk) —«?) e_mkggo

Ve 2 2t g (S|n6’ (kzg +/(”(kcosé’ K”)) (00326’ (kcoss, K||)+K||)k005¢k )
2027 ¢
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InTerpanu 3a ¢, Ta 6, MOXHa PO3paxyBaTH METOAOM CTAalliOHapHOI (a3u B JayeKxiil 30Hi, a

IHTerpai no K

I w i exp—ikr +ild,, + d,,)n14) L
(kDA&D(Z)):I_deI| Sln2@ri—:\‘%ik F( (r¢o 90) )E

(i (cos2 0, (k cosO, -k, ) + /(”)k cosd, B, —sinO, (k§£0 +K, (k coso, - /(”))an)
sh{(kcose, -k, JL/2)(kcoso, )? - «?)

(4.21)

MOKHA pO3paxyBaTH JHUIIEC YHCIOBHUMH MeTonaMu. Tomi pamiaqbHy KOMIIOHEHTY BEKTOpa
[ToliHTiHra MOXKHA OTPUMATH, KOPHCTYIOUHUCH piBHICTIO (4.15).

OcHoOBHHUI BHECOK 110 iHTerpainy (4.21) poOnare pe30HaHCHI MHOXXHUKU B 3HAMEHHHKY
HAIHTErPAJIbHOTO BUPa3y, 10 BUSBIIAETHCA MOMKIMBUM BHACIIIOK TOTO, IO K|| SMIHIOETHCS Y
MIPOKHUX Mexkax. JlificHO, IPH PO3KIIaAl CTPYMY €JIEKTPOHA, 10 00epTAETHCSI HABKOJIO JTiHIN
c1abKOTO MAarHiTHOTO TOJIs, MEPIEeHIUKYISIPHOTO 10 TPAII€HTy KOHIEHTpaIlli Tuia3mu, Io
IUIOCKUX XBWJISAX TYCTHHH CTPyMY CHEKTpP XBHJIBOBUX YHCEN [UIsl 3aJaHOi YacTOTH
BUSIBJSIETBCSL IIMPOKMM. B pe3ynbraTi cTae MOXJIMBHUM pPE30HAHCHE PO3CIIOBAHHS XBHIIb
TYCTHHH CcTpyMmMy Ha @Dyp’e-CKIaJoBHUX Ji€JICKTPUYHOI MPOHUKHOCTI B €JIIEKTPOMArHiTHE
BUIPOMIHIOBAHHS, YOTO HE MOXKE OYTH JIJIsl €JIEKTPOHA, [0 MPSIMOJIIHIHHO PyXa€eThCs B3JOBXK
HaNpsIMKy Tpaii€HTy KOHUeHTpamii minasmu. Lleit edexT mnpuBOaMTH 10 CYTTEBOTO (B
KOHKPETHHUX yMOBaxX (POHTY MIKIUIAHETHOI yJapHOI XBHJII — Ha JECATKHA MOPSIKIB)
3pOCTaHHSI 1HTEHCHBHOCTI TIEPEXiJJHOTO BUIPOMIHIOBAHHS €IIEKTPOHA, M0 3IWCHIOE
IIUKJIOTPOHHE 0O0EpTaHHsI, B MOPIBHSIHHI 3 BUITAIKOM MPSMOIIHIHHOTO PYXY.

4.7. Pe3yabTraTm O00YMCJIEHHSI TEpPeXilHOro BHUIPOMIHIOBAHHS 3a METOIOM
MOCJiAOBHUX HAOJIMKEHD

TumnoBa miarpama crupsimoBaHocTi Dyp’'e€ TapMOHIKH pajlialibHOI KOMIIOHEHTH BEKTOpPa
[oiiHTiHra TEpexiHOrO BUIPOMIHIOBAHHS €JEKTPOHA Yy JalieKid 30HI, po3paxoBaHa 3a
dopmynoro (4.21), 300pakeno Ha puc. 4.5a. Po3paxyHok Oyi0 MPOBEACHO METOIOM
NOCTIIOBHUX HAOMIDKEHb 1O BIAHOCHIK aMIUNITYyAi HEOJHOPIAHOCTI  Ji€NEeKTPHYHOI
NPOHUKHOCTI &mleg. ToMy, sIK 1 BapTO Oyi0 OYIKyBaTH, BHIIPOMIHIOBAHHS BIIEpPE] Ta Haszaj
MaroTh Maike 1ICHTUYHI JiarpaMu CIPsIMOBAHOCTI Ta MOTY>KHOCTI.

O .
O, 0 6080 (a) dE/dweprc (©)
0 1.5%10733
\
-19 I
115X11?)_19 #'L 1.x107%°
X
5.x107%°
ot 5.x10734
"~
60 () g0 fxru
? . 65 70 75 80 85 a0 95
a 6

Puc. 4.5: a —/liarpama crnpsiMOBaHOCTI Ui TapMOHIKH N = 265 pagiaibHOI KOMIIOHEHTH
nmoToky BekTopa [loWHTiIHra; 6 — CHEKTp MepexigHoro BUIPOMiHIOBaHHS. OO4YuCICHHS
MIPOBOJIMIIMCS JJIS TApaMeTpiB, MOJaHUX Ha puc. 4.3.

3 puc. 4.5BuUHO, IO MAKCUMYM BHUIPOMIHIOBAHHS 3HAXOAWTHCS B IUIOIIMHI 00€pTaHHS
enekTpoHa (kyt ¢ = 0) i B HanpsMKy, MEPIEHANKYIIPHOMY J0 TPAIi€HTY KOHIEHTpamii (1o
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oci 0z). Lle#t pe3ynbTaT € LIIKOM TIPUPOIHIM, SKIIO B3STH 0 yBaru BXKE BUKJIAJCHI B
MOTMIEPEIHIX PO3/iiaX MIpKyBaHHS, [0 BUIPOMIHIOBAHHS Iif KyToM § = /2 10 oci cucreMu
Mae OyTH 0COOJIMBO IHTEHCUBHMM BHACIIZIOK nopymieHHs Ha0mmkeHHs BKb.

CriekTp TMepexiJIHOr0 BHIIPOMIHIOBAaHHS, OTPUMAHHMWA IJII TOTO CaMOTO BHITAKY,
300pakeHo Ha puc. 4.56. [lonoxkeHHs MaKCUMyMy OOYHCIICHOTO CIIEKTPY 3arajoM 30iraeThCs
3 JaHUMH CIOCTEpeXeHb. AJie B daHiii poOOTI OOYMCICHO CHEKTp JHUIIE OIHOTO
penatuBicTcbkoro enekrpona 3 eHeprieto 300keB, skuit mae komnoBy opOiTy. Tomy
PO3paxoBaHUil CIEKTP € JOCHTh BY3bKOCMYTOBHM Ta AHCKPETHHM. 3pO3yMIJIO, IO ISt
3TYCTKY PENITUBICTCHKUX E€JIEKTPOHIB, SKI MAIOTh JACSIKUNA PO3KU[ 32 CHEPrisiMH 1 CKIaaHIII
TPAEKTOPIi, CIEKTP MEePEXiAHOTO BUMIPOMIHIOBAHHS Oyie OUThII MUPOKUM 1 cyriabHuM. Came
1€ 1 CIIOCTEPIraeThCsl y CYMNyTHUKOBUX CIIOCTEPEekKCHHX (auB. migpo3ain 1.4). OTke, MoIeNb
PEIATUBICTCHKOTO €JIEKTPOHA, M0 OOEPTAETHCS Y PO3MUTIA MEXI1 IUIa3MH, JOCHThH J00pe
OTIUCY€E CITOCTEPEKYBAHE Yy EKCIIEPUMEHTI (pi3MUHE SBUIIE 1 MEpexigHe BUIPOMIHIOBAHHS
JificHO MOke OYTH MeXaHi3MOM TeHepallil 3apeecTpOBAaHUX CYITyTHUKAMHU €JIeKTPOMAarHiTHUX
XBUJIb.

OTtpumaHa 3a METOJOM TIOCTIAOBHMX HAOMMKEHb aMIUIITyJa BUIPOMIHIOBAaHHS 3a
MOPSAIKOM BEJIMYMHHM 30irae€ThCs 3 OLIHKOIO, 3po0ieHo0 MeTogoM BKB (muB. migposainu 4.4-
4.5). Otxe, sK i 1 po3B'si3ky y HaOmmkeHHi BKB, nepexijHe BUNPOMIHIOBaHHS €JIEKTPOHA,
mo 00epTaeThCs, BUSABUIIOCA 3HAYHO €(EKTHBHIIMIMM HDK JJIS €JIEKTPOHA, IO PYXa€ThCs
NPSMOTIHIAHO B3OBXK TpalieHTy KOHIEeHTpalii. Po3paxyHok /i 000X BHUIAIKIB MPOBOIUBCS
3a OJHAKOBUX IapaMeTpiB IUIa3MH Ta E€JEKTpoHAa. SIK yke 3a3Havanocs, el e(eKT MOKHA
NOSICHATH ~ 0araropa3soBUM TMPOXOPKEHHSM HEOJHOPITHOT 00JacTi  eNeKTPOHOM, SIKH
00epTaeThes, IO CYTTEBO MiJBUIIYE IHTEHCUBHICTH MEPEXiJHOTO BUIPOMIHIOBAHHS.

4.8.OuiHKa BeJTHYHHM HUKJIOTPOHHOIO BUIIPOMiHIOBAHHS

3po3yMiio, IO ENEKTPOH, SKUM 00epTaeThCsi B MArHiTHOMY TI0JIi, OOOB’SI3KOBO
30y/KyBaTUME IMKJIOTPOHHE BUIPOMIHIOBaHHSA. B TpuHIMITI BOHO MOXKE ICHYBaTH B TOMY
CcaMOMY YacTOTHOMY [iana3oHi, 0 ¥ pO3MISHYTE BHUILE MEpexiJHe BUIMPOMIHIOBaHHSA. ToMy
JUTSI KOPEKTHOI 1HTepHpeTarlii pe3ynbTaTiB CIOCTEPEKEHh HOT0 BETUYMHY TaKOX MOTPIOHO
OIIHUTH.

Po3paxyHOK IIMKJIOTPOHHOTO BHITPOMIHIOBAHHS MOKHA 3pOOHTH 3 BUKOPHCTAHHIM (pOPMYIT
(4.14)Ta (14.15).BignosigHy miarpaMmy CIpsIMOBaHOCTI Ta CIICKTP HaBEACHO Ha puc. 4.6.

dE/dwepr-c

4.x107"2
3.x10772
2.x10772

1.x10772

i : e f, KrU'
60 70 80 90

Puc. 4.6: a — pmiarpama cnpsSMOBAHOCTI HHMKJIOTPOHHOTO BHUIIPOMIHIOBAHHS I TapMOHIKH
N = 265 pamiaabHOi KOMIOHEHTH MOTOKY BekTopa I[loiHTIHTa; 0 — CHEKTp IMKIOTPOHHOTO
BUIIPOMIHIOBAHHS €JIEKTPOHA, M0 O0EpTaeTbcss y po3MHUTIH Mexi miasmu. OOuMciIeHHs
MIPOBOJIAITUCS JUTsl THX CaMUX TIapaMeTpiB, 10 i Ha puc. 4.3.

Jiarpama COpsMOBaHOCTI ITUKJIOTPOHHOTO BHUIPOMIHIOBAaHHS Ma€ YITKO BHUPaKEHUUN
MIiHIMyM B37IOBXK Bici oOepranHs enektpoHa (¢ =90°). Lle BianoBigae 3arajabHOBITOMHM
VSBIICHHSIM TIPO Jiarpamy cupsiMoBaHOCTI aurionis [epria.
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[MopiBHioroun crektpu nepexigHoro (puc. 4.50) Ta numkinorponHoro (puc. 4.60)

BUMPOMIHIOBAHHS, BHJIHO, IO, SIK 1 ciig Oylo dYeKaTH, MaKCUMYM IHTEHCHBHOCTI
[IUKJIOTPOHHOTO BUIIPOMIHIOBAaHHS 3HAXOAUTHCS MPHOIM3HO B TOMY XK J1ara3oHi 4acToT, 1O 1
MaKCUMYyM mepexinHoro. OaHak iHTEHCUBHICTD IIMKJIOTPOHHOTO BUIIPOMIHIOBAaHHS BUSIBUIIACS
Ha 0araTo MopsAKiB MEHIIOKO.

OTxe, UHMKJIOTPOHHE BHUIPOMIHIOBaHHS HE MOXE JaTH BaroMOro BHECKY JIO
IHTEHCUBHOCTI CIIOCTEPE)KYBAHUX XBWJIb, 1 BUIIPOMIHIOBAHHS, SIKE€ CIIOCTEPIraeTbes Y
JIOCJTIDKYBaHIN MOJ11, € NIBUIIIE TIEPEXITHAM, HIXK ITUKIOTPOHHUM.

4.9.BucHoBKH 10 po3ainay 4

VY naHomy po3niiai MpOBENEHO pPO3paxyHOK MEpPEeXiTHOTO BUIIPOMIHIOBAHHS €JIEKTPOHA,
KW TEepeTHHAE MDKIUIAHETHY yJOapHy XBWIKO, JUISI TEPEBIPKH TMPHUITYIIECHHS, IO
€JIGKTPOMArHiTHE BUIIPOMIHIOBaHHS, SIKE CYMPOBOJDKYBAIO yaapHy xBuwio 22 ciuns 2004
pOKy, OyJIO TEpeXiTHUM BUIPOMIHIOBAHHSAM PEJISATHBICTCHKUX €JIEKTPOHIB. baszyrounch Ha
napameTrpax peajbHOl MOoAil, OyJa0 3ampONOHOBAHO MOJETb €NEKTPOHa, M0 3MiHCHIOE
[IUKJIOTPOHHE OOEpTaHHS HABKOJO HEPYXOMOTO IIEHTPY B HEOJHOPIAHIN mmiasmi. Brums
MarHiTHOTO TOJIA Ha JIeNeKTPUYHY IMPOHUKHICTH HE BpPAXOBYBABCS, OCKIJIBKH 3HAYCHHS
uKI0TpoHHOT yactotu (~ 300I'M) Ta yacToTH CrocTepeKyBaHOro BupomiHioBaHHsS (~ 60-
100kI') my»e BiApi3HSUTUCS.

Crnepiry Oyiio oTpUMaHO PO3B’ 30K XBUJIKOBOTO piBHSAHHSA MeTtogoM BKD. Jlanumii meton
Mae OOMEKCHHS Ha HampsM IOMMPEHHS BUIPOMiHIOBAaHHA (0 <<0Op), ame Bce K TaKu
JTO3BOJISIE OIIHUTH TIOTYKHICTh BUIIPOMiIHIOBAHHS 32 MOPSIKOM BETUIMHHU.

OCKUTBKM METOJl TE€OMETPHYHOI ONTUKH HE J03BOJIAE OTPUMATH CIIEKTP IEPEXiJHOTrO
BUIPOMIHIOBAaHHS, TO OyJI0 TaKOXX PO3TIASHYTO MOJETh MaUX 30ypeHb MieIeKTPUIHOT
IPOHUKHOCTI  £(Z) =&, - (£,,/2)th(z/L). Po3B’sA30K BiAMOBIIHOTO XBHJIBOBOTO PIBHSHHS

IPOBOJIMBCS] METOIOM IOCITITOBHUX HAOJIM)KEHb 32 MaJIIM IapaMeTPOM &m/&p.

Jng uux Moxeneil Oya0 BHUKOHAHO pPO3PAaXyHOK TMEPEXiMHOTO Ta LHMKJIOTPOHHOTO
BUIIPOMIHIOBaHHS ellekTpoHa 3 eHeprieio Ee = 30GkeB, pamiycom Jlapmopa R = 132km,
[IUKJIOTPOHHOIO 4YacToToro fo = 2820, mo obepraerbcs y HEOAHOPIAHOCTI 3 MaciTaboM
L = 150kM, KOHIIEHTpaLisIMH TUTa3MH Tiepes] (GPOHTOM yIapHOi XBHIL Nj = 1-16 M Ta 32
dbporToM Ny = 2.2-1 M Ta marnitauMm nonem B = 16-10°T. 1li 3Hauenns O0yno oOpano,
BUXOJSIYHU 3 pEeIbHUX MapaMeTpiB crocTepexxyBaHoi noaii. [Ipu po3paxyHKy BBaXkasnocs, 110
YaCTHHKA 3HAXOJUTHCA B 00JIaCTI HEOMHOPIAHOCTI mpoTsaroM vacy 1 c¢. JlaHe mpumymieHHs
BILJIMBAE JIMIIE HA IHTEHCUBHICTh BUIIPOMIHIOBAHHSI, @ YACTOTHUH J1ialla30H BUIIPOMIHIOBaHHS
HE 3QJICKUTHh BiJ Oro yacy. OCKUIbKM BHCHOBKHM B IIbOMY PO3/iIi 0a3ylOThCs JIHUIIEC Ha
JaHUX TIPO YaCTOTHUH Jiama3oH, TO JesKa HETOYHICTh OI[IHKM THUIIOBOTO Yacy Iperdy B
JTAHOMY BHUIA/IKy HECYTTEBA.

Pesynbrati po3paxyHKiB JO3BOJISIIOTH OKPECIUTH TaKi BIACTUBOCTI IMEPEXiAHOTO Ta
UKJIOTPOHHOTO BUITPOMIHIOBaHHS.

1. TloTyXHOCTI MepexiAHOTO BUIPOMIHIOBAHHS BIIEPE]] Ta Ha3aj JJS PEISATHBICTCHKOTO
€JICKTPOHa, 10 Aperdye yepe3 001acTh MIKIUTAHETHOT YAAPHOI XBUJIl, OJTHAKOBI 32 MOPSIAKOM
Benu4yMHU. JliarpamMu CIpsIMOBAaHOCTI BUIIPOMIHIOBaHHS BIEpe] Ta Ha3aJl MaloTh Maibke
1MeHTHYHUN BUTIIAA. Lleil pe3ynbTaT € MiIKOM 3pO3yMUINM, aJKE €JIEKTPOH 00epTaeThes, 1
BUIIPOMIHIOBaHHA 3a Ta NPOTH TPAIi€HTy BUSBISE€bCS NPUOIM3HO OJHAKOBUM B 000X
HaNpsIMKax.

2. Jliarpama CrpsIMOBaHOCTI IEPEXiTHOTO BUIIPOMiHIOBaHHS (puc. 4.3) Mae OCHUIIOIYY
cTpykTypy. IlpuunHOI0O 1HOTO SBUII MOXE OyTH VYTBOPEHHS Yy JaleKid 30Hi
iHTepepeHIiiiHOI KapTUHU TMEPeXiJHOTO BHUIIPOMIHIOBAHHS 3 PI3HUX TOYOK OOEpTaIbHOI
TPAEKTOPIT CIIEKTPOHY.

3. Jlns 000X po3B’s3KiB MAaKCUMYM BHITPOMIHIOBAHHS JIEKHUTH Y IUIOIIMHI OOepTaHHS
enmektpona (¢ =0). Ane apyra Mojenb 3aCTOCOBHAa [0 BCiX HANPsMKIB TOMIMPCHHS
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BUIPOMIHIOBaHHS, i TOMY Ha Jiiarpami CIpsIMOBAaHOCTI y HanpsMKy 6 = 7/2 crioctepiraeTbes
Pi3KHIf MaKCHMyM IepexigHoro BumpomiHioBanHs. [ kyra 6 = 7/2 nabmmxenns BKB ne
BUKOHYETbCA 1 Ha mpodinl KOHLUEHTpAIii IUIa3MH 3 SBISETHCS TOYKA IOBOPOTY
enektpomaruitHoi xBumi, ne K, = 0. [Mopymenns nabmmwkenns BKB Bkazye Ha 3pocTaHHS
e(EeKTUBHOCTI TEpeXiTHOrO BUIIPOMIHIOBAHHS, IO 1 CIIOCTEPITa€Tbcs y pPO3paxoBaHii
Jiarpami cipsiMoBaHOCTI Ha puc. 4.5a.

4. OOuucleHHS TOTYXXHOCTI TMEPeXiHOTO BUIPOMIHIOBaHHS 000Ma METOAaMHU Jal0Th
pe3ysbTaTH OJHOTO TOPSAKY BeIHYWHU. [I0OBHA MOTYXHICTh MEPEXiTHOTO BHIIPOMIHIOBAHHS
JUISL eNIEKTPOHA, 10 00epPTAETHCS B TUIa3Mi 3 TPAIi€HTOM KOHLIEHTpAIlil, BUSBISETHCSA 3HAYHO
OUTBIIIO0, HIXK MPU OJJHOPA30BOMY MPSAMOJIIHIHHOMY MTPOXOHKEHHI €JIEKTPOHA Yepe3 00J1acTh
HeogHopinHocTi. lle nmae nmamaTkoBUM J0Ka3 Ha KOPHCTh MOXKIIMBOCTI CIIOCTEPEKEHHS
MEPEXITHOTO BHUIPOMIHIOBAHHS PENSTUBICTCHKUX EJIEKTPOHIB y TOTYXXHIA MIKIUTAHETHIN
yIapHii XBHIII.

5. OTpuMaHO CHEKTp MEPEXiTHOTO BUIIPOMIHIOBAHHS B paMKax MOJEN MajluxX 30ypeHb
JeNeKTPUYHOT TPOHUKHOCTI (puc. 4.50). MakcuMyM 0OYHCIIEHOTO CIIEKTPY CIIOCTEPIraeThCs
y Tiii camiii obacTi, o i y BuMiproBanusax [15]. O0uucIeHuiA CIIEKTP OTPUMAHO I OJHOTO
€JIEKTPOHA, IO O0EpTAEThCS HABKOJIO HEPYXOMOrO IIGHTPY B 00JIaCTI HEOIHOPIIHOCTI
MPOTSTOM THUIIOBOTO Hacy napeidy enexktpona yepe3 ¢hpoHT [IpupoaHo ovikyBaTH YIITUPEHHS
CHEKTpY IUIsl BUMAJKY 3TYCTKY €JIEKTPOHIB 3 PO3KUIOM EHEprii, ki o0epTaloThCsl HABKOJIO
npeiidyrodoro MpoBiAHOTO MEHTPY, IO i CITOCTEpiraeThes B eKcrepumenTi [15].

6. Byno oOuucieHo TakoX IUKJIOTPOHHE BUIIPOMIHIOBAHHS €JIEKTPOHA B paMKaxX MOZEIi
MasiiX 30ypeHb JieeKTpruuHol mMpoHUKHOCTI (puc. 4.6). BiamoBigHuii criekTp Mae MaKCUMyM
y HmpuOIM3HO TOMY X CaMOMYy Jiala30Hi 3HA4eHb, 10 1 MEepexXilHEe BUIPOMIHIOBAHHS, aje
IHTCHCHUBHICTh IIUKJIOTPOHHOTO BUIIpOMiHIOBaHHS (puc. 4.60).Ha 6araTo mopsaKiB MEHIIA BiJl
IHTEHCHBHOCTI mepexinHoro (puc. 4.50).

TakuM dYHMHOM, CIIOCTEpE)KYBaHE BHUIIPOMIHIOBAaHHS, SKHM CYIPOBOKYEThCS (DpPOHT
MikmaHeTHoi ymapHoi xBwii 22 ciung 2004 poky, aiiicHo Moxke OyTH NepexiTHUM
BUIPOMIHIOBAaHHSIM PEJISATUBICTCHKUX €JEKTPOHIB, sKI TIEpPETHHAIOTh 001acTh CTpHOKa
napameTpiB y XBHIIL.

7. Tlpu po3kiagi CTpyMy €JIEKTPOHA, IO O0EpTAaeThCS HABKOJIO MAarHiTHOTO TIOJI,
NEePIEHANKYISIPHOTO JI0 TPaji€HTY KOHLEHTpALii IJIa3MH, MO IUJIOCKHX XBWJIAX T'YCTHHU
CTPyMY CIIEKTp XBHJILOBHX YHCEJ IS 33JJaHOT YaCTOTH BUSBISIETHCS IUPOKUM. B pesynbrari
CTa€ MOXUIMBAM DPE30HAHCHE PO3CIIOBaHHS XBHJIb TYCTHHH CTpyMy Ha Dyp’e-cKiaJoBUX
JeNIeKTPUYHOI TIPOHUKHOCTI B €JIEKTPOMAarHiTHE BUIPOMIHIOBAHHS, YOTO HE MOXe OyTH IS
€JICKTPOHA, 0 MPSMOIHIHHO PyXa€eThCs B3IOBXK HANPSIMKY TPali€HTY KOHIICHTPAIII] TIJ1a3MHU.
Lleit edekT MPUBOTUTH O CYTTEBOTO (B KOHKPETHHX YMOBaxX ()POHTY MIKIUIAHETHOI yIapHOT
XBHJII — Ha JICCATKU MOPSAIKIB) 3POCTAHHS IHTCHCHBHOCTI MEPEXiTHOTO BHIIPOMIHIOBAHHS
€JIEKTPOHA, IO 3JIHCHIOE IUKIOTPOHHE OOEpTaHHsA, B TMOPIBHAHHI 3 BUIAJKOM
MPSIMOJTIHITHOTO PyXY.
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CONCLUSIONS / BUCHOBKHA

JlocnimkenHss MexaHi3MiB (popMyBaHHS PI3HUX TUIIIB BUIPOMIHIOBAHHS, IO CYIPOBODKYE
(GpOHTH yIapHUX XBHJIb Y KOCMOCI, Y TOMY YHCJI1 MDKIJIAHETHUX YIAPHUX XBUJIb, JAICKE Bl
3aBepiueHHs. Ha cboroaHi mpupoaa XBUJIBOBUX IMPOLECIB y OKOMI (POHTIB yJapHUX XBUJIb
OCTaTOYHO HE BU3HAYCHA TA IPOJOBXKYE AKTHBHO BUBYATHUCS.

VY nucepraniiiaiii po6oTi Ha ocHOBi ganux cynyTHukiB CLUSTER nocnimxeHo XxBuiboBi
MPOIIECH y OKOJII PI3HUX THITIB YAAPHUX XBWJIb y KOCMIYHIA Tuia3mi. [[ins mporo Oymo
PO3p0o0IEHO BiIMOBIIHI TEOPETHYHI MO/IEN], TPOBEIECHO aHAJITHYHI Ta YMCIIOBI pO3paxyHKH,
KOMIT FOTEPHE MOJICIIIOBAHHS Ta CTATUCTUYHY OOpOOKY JaHUX CYMyTHHUKOBUX BHUMIPIOBaHb. 3
poBeeHOi pOOOTH MOKHA 3pOOHUTH TaKi BHCHOBKH.

1. Ha ocHOBI aHami3y pO3MOALIIB, OTPUMAHHUX MUISIXOM YHCIOBOTO MOJIEITIOBAHHS Ta
eKCIIEpUMEHTAIBHUX PO3MOIIiB, OTpUMaHux 3 BuUMipioBanb npunanizs WBD ta WHISPER
cynytHukiB CLUSTERYy enextponHomy Qopmoni yaapHoi XBuii 3emJi, IOKa3aHo, IO 3a
TUTIOBUX YMOB EJIIEKTPOHHOTO (POopIioky 3emii KUIbKICTh €(PEeKTHBHHX 00JIacTeH, y SKHX
HiACUITIOETBCS JICHTMIOPIBCbKA XBWJISI, € HEJOCTaTHBOIO JJIsl JOCSTHEHHS HOPMAalbHOTO
posmnoainy jgorapudMy iIHTEHCUBHOCTI JICHIMIOPIBCBKUX XBUJIb, TOMY JaH1 PO3MOJIIIN Kpalie
anpokcuMyroThes posnoaisiom Ilipcona IV tumy abo B-po3nozinom.

2. B pesynbrari aHamizy MOIYJAIIl 1HTEHCHBHOCTI JICHTMIOPIBCBKHMX Ta 3CYHYTHX 3a
4acToTo XBWIb Yy nmiana3zoni yactot 0.33fg; <f <fg; (fgj — mpoToHHa HMKIOTPOHHA YacTOTa
nepea yaapHoro xpuiero 3emi), BuMipsaux npuiaagoMm WHISPERcynyraukie CLUSTERHa
MEXI1 €JIEKTPOHHOTO (OPILOKY, MMOKA3aHO ICHYBAHHS MPHXOBAHOI MEPIOJUYHOCTI, KA MOXE
OyTM TIOB’s3aHAa 3  HECTAIlIOHAPHICTIO  KBa3IMEPHEHAMKYJIAPHOI YacTHHH  (POHTY
HaBKOJIO3€MHOI ~ yZlapHOI  XBWJI, MPUUYOMY HMOBIPHICTh CIIOCTEPEKEHHS  IPOSBIB
HECTaIlIOHAPHOCT1 3pOcTae 31 301LIBIICHHSIM albBEHIBCHKOTO YKciia Maxa 3rafiaHoi ymapHoi
XBHJII.

3. Hecramionapuicte i/abo xBuscricts (rippling) kBasimepneHIUKYISPHOI YaCTHHU
(GpoHTY yaapHOi XBUIII € JOCUTh HEPETYJSIPHUMM SIK y IIPOCTOPI, TAK 1 B Yaci, i He HaragaylTh
KBa31peryJsipHy CTPYKTYPY, IO MOITUPIOETHCS 110 TTOBEPXHI PPOHTY yAAPHOI XBHIII, OCKUIBKH
y JOCIIDKEHUX MOAISX Mpoditi iHTEHCUBHOCTI €JIEKTPHUYHOTO IMOJIA Ta JOMIHYIOUl YacTOTH
MeploIMYHOCTEN TIPH aHAJI31 TaHKUX 3 PI3HUX CYNMYTHHUKIB 3a3BUYail Oy BIAMIHHUMH.

4. BumnpomiHioBaHHS Ha (POHTI MDKIUIAHETHO! YAAapHOi XBHWJI, IO CIIOCTEpiranacs
cynytaukamMu CLUSTER ta WIND 22 ciuyns 2004 poky B COHSYHOMY BITpi, MOXe OyTH
HEepexXiIHUM BHUIIPOMIHIOBAaHHSM PEJIATUBICTCHKUX EJIEKTPOHIB, SIKI MEPETUHAIOTh 00JacTh
cTpuOKa TmapamMeTpiB IIi€i yZapHOi XBHJI, OCKUIBKH CIEKTP TaKOrO BHUIIPOMIHIOBaHHS,
O0YMCICHUHN U OTHOTO €JEKTPOHA, IO 3IHCHIOE LUKIOTPOHHE OOEPTaHHS y MAarHiITHOMY
NOJIi TEPIECHANKYIISIPHOMY 10 TPaIi€HTy KOHIICHTpAlii IJIa3MH, Ma€ MaKCUMyM y TOMY
camMoMy Jiarna3oHi 4acToT, U0 i BUMipsiHE BUITPOMIHIOBaHHS.

5. [TlepeximHe BUIPOMIHIOBAHHS €JICKTPOHA, IO 3AIMCHIOE IUKJIOTPOHHE OOEpTaHHS Y
CJIabKOMY MAar”iTHOMY TIOJi, HEpHEHAUKYISAPHOMY A0 Tpali€HTy KOHLEHTpAIil IMa3MmH,
BUSBJISIETHCS 3HAYHO OLUTBIN IHTEHCHBHUM (B KOHKPETHHX YMOBaxX (DPOHTY MiKILIaHETHOI
yIapHOT XBHJII — Ha JIECATKU MOPSJAKIB), HK aHAJOTIYHE BUIPOMIHIOBAHHS CJICKTPOHA, IO
pyXaeThCcsl MPSIMONIHIMHO B3IIOBXK TPAII€HTY, 3aBISKH TOMY, IIO B TMEPIIOMY 3 Ha3BaHHUX
BUMA/IKIB, Ha BIIMIHY BiJl IPYroro, po3citoBaHHs XBHJIb T'YCTHHH CTPYMY B €JIEKTPOMAarHiTHE
BUIPOMIHIOBAHHS Ha TAPMOHIKaX MPOCTOPOBOTO CIEKTPY MiCIEKTPUIHOT MPOHUKHOCTI MOXKE
MaTH Pe30HAHCHUH XapakTep.
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Analyse des caractéristiques d'ondes au voisinagse chocs
dans des plasmas spatiaux: observations des staglli
CLUSTER, modeélisation et interprétation

Résumeé substantiel en francais
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Ce texte présente une synthese de mon travail&be tbffectué en cotutelle entre les
Université d’Orléans eUniversité Nationale de Tarass Shevchenko de Koetesue le 22
juin 2009 a I'Université Nationale de Tarass Shexrdto de Kiev. Sont repris ici, en
respectant le plan de mémoire de these, les résu#a plus importants qui ont fait I'objet de
publications dans des revues officielles a cométéedture.

Les ondes de choc non colisionnels dans I'espase quie les processus d’ondes qui leur
sont associés ont été largement étudiés depuiptédrction théoriquél] et leur découverte
expérimentale dans I'espace (chocs planétairestetplanétaires) [2]. Les observations des
satellites ISEE 1-2 (lancés en 1977) ont révéléatebreuses propriétés intéressantes de ces
ondes au voisinage du choc terrestre et des chtaplanétaires [4]. Ces propriétés dans la
plupart des cas étaient inattendues et demandaiectnséquence des recherches théoriques,
numeriques et expérimentales. Apres la missionux datellites ISEE, la mission a quatre
satellites CLUSTER a été lancée en 2000 pour étudidre autres, les processus d’ondes
dans le plasma circumterrestre [5]. L'interprétatdes données fournies par les satellites est
réalisée constamment en relation avec les condbptgiques existants et les résultats de
modélisation numeérique [8]. Les propriétés stajists des amplitudes des ondes de Langmuir
dans le pré-choc électronique sont sujettes ateréinparticulier [10].

Les flux d’électrons accélérés dans la zone quagbgmdiculaire de I'onde du choc
terrestre génerent d’'intenses ondes de Langmus @arégion du pré-choc terrestre lors de
leur mouvement vers le vent solaire. L’intensité aes ondes présente un motif assez
irregulier (wave clumping) qui est généralementlige par la présence d'inhomogénéités
de densité de plasma provoquant la fin de résondmtende avec le faisceau. La Théorie de
la Croissance Stochastique (Stochastic Growth Theoeté développée pour interpréter les
propriétés statistiques de I'énergie des ondesatgmuir notamment dans le pré-choc de la
Terre [11]. Cette théorie repose sur I'hypothése tjande traverse beaucoup de zones
d'inhomogénéité avec un taux de croissance/amenissat positif aléatoirement reparti
déterminant la fonction de distribution du loganith de I'intensité de I'onde normale. La
plupart des études statistiques montrent que taliion de I'énergie de I'onde correspond
approximativement a une distribution normale avemeadant des écarts pour les tres faibles
et les tres fortes amplitudes dus respectivement ediets thermiques et aux effets non
linéaires. La comparaison avec d’autres distrimgi@xistantes concernant les ondes de
Langmuir ayant une amplitude moyenne n’a pas éteegnise. De plus, la dépendance du
type de distribution de I'énergie d’'onde en fonetidu nombre de régions d’amplification
traversées par cette onde n'a pas été étudieeieamtgment. Ce travail fait I'objet du
chapitre 2.

Au voisinage de I'onde de choc terrestre des peused’ondes de nature treés différentes
peuvent exister. L'un de ces processus est I'otidulale 'onde de choc terrestre qui est une
manifestation de non-stationnarité du front de denCe phénomeéne a été mis en évidence
par les simulations numériques. Il est tres difi@ observer par les mesuiassity, car il
requiert une présence a long terme des satellitesiainage proche du front de choc. Un seul
événement a été étudié [12], ce qui est loin d'&geificatif. Par contre les déformations de
la partie quasi perpendiculaire du choc terrestresda la non-stationnarité peuvent étre
détectées a distance par I'analyse de la modulaéobamplitude des ondes de Langmuir a
proximité de la frontiere du pré-choc [13]. Ceterhnique peut fournir un échantillon
statistique significatif pour étudier la non-statiarité du front de choc terrestre
(cf. chapitre 3).

Dans le vent solaire, des ondes de choc inter@arétpeuvent également se propager.
L’étude d’'un événement du 22 janvier 2004, obseyaé les quatre satellites CLUSTER
révéle une augmentation simultanée de la densgé&lbetrons relativistes et des émissions
électromagnétiques dans la bande ~ 1.4p4.0Uf,e est la frequence du plasma électronique
[14]. Les auteurs de [15] supposent que cette émiggeut étre le rayonnement de transition
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des électrons relativistes dérivant a traversdatfdu choc. La validité de cette hypothése
est démontrée théoriqguement lors du quatrieme trhapi

L’introduction de ce mémoire met en évidence I'importance dealies® des caractéris-
tigues des ondes au voisinage des chocs danssiealspatial. Les objectifs, motivations et
méthodes d'investigation sont passés en revue. |l [@ degré d’innovation, le bénéfice
pour la science et les possibilités d’applicatipratiques des résultats y sont exposés. Enfin,
la contribution de l'auteur aux travaux réaliséspprobation des résultats lors des conféren-
ces, séminaires et symposiums sont présentés.

Le premier chapitre est consacré a la revue de la littérature au deeprocessus d’onde
se manifestant a proximité des chocs du plasmaatpad physique des chocs non collision-
nels est brievement expliquée. Le choc terresingj gue la formation du pré-choc ionique et
électronique sont décrits. L'état de I'art de Igpnie et des propriétés des ondes de Langmuir
en amont du choc terrestre est suivi du point demoderne sur la non-stationnarité du choc
terrestre. Les parametres de I'onde de choc iraeéphire observée le 22 janvier 2004 par les
satellites CLUSTER et WIND sont donnés. Les prdpsée I'émission électromagnétique
associée au front de ce choc sont analysées. Lgsnsmi@xpérimentaux utilisés pour réaliser
ce travail de these, i.e. les instruments WDB etI®RER de la mission multi-satellites
CLUSTER, sont présentés.

Les conclusions de ce chapitre justifidat nécessité d'une étude approfondie des
processus d'onde au voisinage des chocs de plaspatgaux, et particulierement des
propriétés statistiques des ondes de Langmuir danpré-choc terrestre, de la non-
stationnarité du front de choc terrestre et dexgssus d'onde prés des fronts des chocs
interplanétaires.

Dans le second chapitrel'interaction faisceau-plasma est étudiée et lesprpetés
statistiques des ondes de Langmuir de faible ana@itlans la région du pré-choc terrestre et
dans le vent solaire sont analysées. Le modeleitfueode la propagation des ondes de
Langmuir dans un plasma présentant des inhomogéndit densité aléatoires utilisé pour la
modélisation numérique est introduit. Les résult@iddenus a partir des simulations sont
comparés avec les données expérimentales de Wimstit WBD. Une étude statistique de
sept évenements sur les ondes de Langmuir daégitanrdu pré-choc terrestre et dans le vent
solaire mesureés par I'instrument WHISPER a égal¢m@tenréalisée.

Les études statistiques précédentes menées soindes de Langmuir au niveau du pre-
choc terrestre et dare vent solaire en amont de I'onde de choc temestnt basées sur
I'application du théoreme central limite. En effédpplication de ce théoréme est justifiée si
chaqgue onde traverse un nombre suffisamment gramidochogénéités de densité pouvant
conduire a I'amplification/amortissement de I'ond#ans ces études il est supposé que les
inhomogénéités sont aléatoirement réparties etchpaeune d’elles posséde une amplitude
arbitraire [11]. Dans les conditions typiques dé-phoc, le nombre de ces inhomogénéités est
de l'ordre de ~10 [11]. La Théorie de la Croissatechastique utilise cette approche et
prévoit une fonction de distribution de probabilitérmale du logarithme de l'intensité des
ondes de Langmuir dans le pré-choc et dans les@aire. L'un des principaux objectifs de
ce chapitre est dévaluer l'influence du nombrenkidmogénéités sur la distribution de
I'intensité de I'onde afin de vérifier la consistande I'application d’'une loi normale dans la
Théorie de la Croissance Stochastique d’un poinugethéorique et expérimentale.

Pour la modélisation numeérique le modele de Nishékat Ryutov [107] est utilisé afin
de simuler la propagation des ondes de Langmuirs dam plasma présentant des
inhomogénéités aléatoires. Pour des raisons ddisit@ple cas stationnaire a été consideéré,

quand des ondes de Langmuir pénétrent dans un espaceX > 0 occupé par du plasma
instable non uniforme. Les parameétres du plasma solution dépendent uniqguement de la
coordonnéeX et de l'anglede déviation & par rapport a une propagation rectiligne et
indépendante du temps. Dans cette configuratioroligion spatiale du paquet d’ondes est
décrite par I'équation de la densité d’énergie spée\W suivante :
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v, cos@a—wz_ii(DsinHa—Wj+FW, (1)
ox singdoé 08

ou vy est la vitesse de groupe du paquet dondEgsk 6) est le taux de
croissance/amortissement de I'énergie de I'ondé eit I'angle entre I'axex0et le vecteur
d’'onde. L'influence des fluctuations microscopiquiesdensité de faible amplitude est décrite
par le premier terme du second membre de (1P (@uk, 8) est le coefficient de diffusion du
vecteur d’onde. Le second terme prend en comptaplification/amortissement de la densité
d’énergie spectrale due a I'entrée/sortie de résmmavec un flux d’électron lorsque I'onde
traverse des inhomogénéités de densité de granpléaie.

Le taux de croissancE(x, §) est reproduit a partir d’'une superposition d’ingoans
d’amplitudes aléatoires et de positions arbitrai€dsaque impulsion correspond & une région
de résonance avec le faisceau, au moment ou lepdtundes traverse des inhomogénéités
de forte amplitude. La forme sélectionnée de chagumilsion est de type Gaussienne. Le
nombre moyen d’'impulsions est fixé a 50 pour tolgessimulations mais le nombre exact est
aléatoire et suit une distribution de Poisson. &pport de la largeur totale de la région

occupée par les inhomogénéités de forte amplitudéadargeur de I'impulsionAX, est égal

au nombre moyen d’'impulsions, i.e. 50. Dans cdeasmhomogénéités se chevauchent mais
pour un point donné il N’y a que quelques impulsi@® superposant. Afin d’évaluer la
fonction de densité de probabilité de I'énergiel’dede pour certairk > O, il a été réalisé
10 000 simulations a partir de différents profiks ux de croissance. Les profils ont été
reproduits en faisant varier aléatoirement I'anoplé et la position des impulsions.

Le résultat de la modélisation numérique a pernasudier la dépendance du type de
distribution de densité d’énergie spectrale ded®en fonction du nombre de fluctuations de
densité traversées par le paquet d’'ondes. Lesrauties précédentes études statistiques [71,
77-78] ont confirmé qualitativement la loi normgleur la distribution de probabilité du
logarithme de lintensité d’onde, comme celle pevpar la Théorie de la Croissance
Stochastique [11]. Ainsi le principal objectif detie simulation numérique est d’évaluer le
nombre suffisant d'inhomogénéités pour obtenir digtribution normale des intensités de
'onde. Les résultats de la modélisation numériguentrent notamment que pour des
parametres de simulation choisis la distributiorladjarithme de I'énergie spectrale de I'onde
peut étre considérée normale (selon les critergednits dans [117]) lorsque cette onde
traverse au moins ~ 40 inhomogénéités de densiti®rtee amplitude. Par conséquent, en
considérant une distribution normale pour des d@rd typiques du pré-choc terrestre, la
valeur proposée précédemment, ~ 10, [72-W&] nombre moyen d’inhomogénéités
macroscopiques influencant I'amplification/amortisent de I'onde est sous-estimée. De
plus, si effectivement la traversée moyenne denlh®@rmnogénéités par les ondes de Langmuir
est une estimation correcte pour la région du paederrestre, les résultats des simulations
numeriques indiquent alors que la distribution afée grandement d’'une loi normale.

Afin de préciser la teneur de ce résultat, legibistions obtenues a partir des simulations
numeériques et des mesures expérimentales ont &éifedes a I'aide de la technique des
courbes de Pearson. La famille des courbes de dPeatécrit une large gamme de
distributions présentant un extremum. Elles dépeinde deux parametres sans dimengion
et 5, caractérisant le skewness et le kurtosis de taldision:

2
/Blzlu_sgy B, =&

2 (2)
H H
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ou up, 13 et ug sont les moments centraux d’ordre 2, 3 et 4 daidaxibution. Toutes les
distributions de Pearson possédent un extremunewtent étre décrites par une équation
différentielle:

df (x) _ X—a
dx b, + b, x +b,x* f(x). ®)

ou a etb; sont des constantes réelles [112-115]. La didgidbunormale dans le plagy( f2)

est représentée par un point de coordonnées (0L&)plupart des régions du plan
correspondent soient a une distributfgnsoient a une distribution de Pearson de Type IV.
Ces distributions permettent un ajustement plusifle comparé a la distribution normale,
car leurs formes dépendent de quatre parametrépendants au lieu de deux dans le cas
d’une distribution normale. En effet, les distrious normale ef présentées dans I'équation
(3) ont les formes suivantes :

0= oyt @
f(x) = dx=x/*[x=x,|", (5)

avec g = (b —x1)/(b2(x2 —X1)), h = (X2 —by)/(b2(x2 —X1)), et ou la distribution de Pearson de
Type IV est donnée par I'équation:

— o[x2 4 p2 )@ _ B X
£(x)=c(x2+ A2} exp{ Ab arctanxj, (6)

avecX = X + by/(2b,), B = by(1 + 1/(d,)), etA? = by/b, — b %/(4b5).
La figure 1 montre la répartition des distributiamistenues (points rouges) a partir des
simulations numériques dans le plah, (52) et selon le nombre moyen d’'inhomogénéités
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~ u
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Fig. 1. (a) Le diagramme des différents types daributions Pearson, associé aux
résultats des simulations numériques (cercles g)uge aux données expérimentales (le
triangle et rectangle correspondent aux paramelgeBearson calculés directement a partir
des mesures et de I'ajustement par la distribUdiearson de classe IV via la minimisation de
I'erreur XZ). (b) Une partie agrandie du diagramme précédeatur plusieurs points les
nombres effectifs de régions avec un taux de @bt positif, N, sont représentes. Une
croix noire indigue la distribution normale. Legiens correspondant aux diverses classes de
distributions sont annotées avec des chiffres romai
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Cette figure suggeéere que pour un nombre dinhoméigés inférieur a ~ 40, les
distributions appartiennent principalement a lagatie des fonctions de Pearson de type IV.
Au-dela de 40, les distributions peuvent étre aérgies normales. Cette conclusion est faite
selon des criteres de distribution normale intrtsddans [117].

Les données expérimentales des instruments WBD EHSRER de CLUSTER
concernant les ondes de Langmuir dans le pré-aroestre et le vent solaire ont été étudiées
d'un point de vue statistique afin de justifier iEsultats obtenus a partir des simulations
numeériques. Les fonctions de densité de probahilitenues expérimentalement ont été
ajustées en utilisant la méthode de minimisatiod’eieeurxz. Un événement comportant
10 027 valeurs d’intensité d’'onde a été sélectiquenéni les données de l'instrument WBD.
La gamme d’intensité d’onde a été divisée en 30nwalles équi-repartis selon une échelle
logarithmique afin de produire I'histogramme dentiénsité des ondes. Ce dernier est
proportionnel a la fonction de densité de probsebipour le logarithme de la densité de
I'énergie spectrale de I'onde estimée a partir siesulations numériques. La fonction de
densité de probabilité a été ajustée suivant ustilalition de Pearson de type IV et une
distribution normale. Les valeurs de I'erredrpour les ajustements par la loi de Pearson de
type IV selon la méthode de minimisation de I'errgtiet la méthode des moments empiri-
gues sont respectivement égales a 20.88 et 26&Astement suivant la distribution normale
a la plus grande valeur de minimum d’errgt 66.44 (Fig. 2). Ceci suggére notamment que
la loi normale semble étre moins appropriée queilde Pearson de type IV pour décrire la
distribution de l'intensité des ondes de Langmaiis Ide I'événement étudié.
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Fig. 2. Fonction de densité de probabilité (PDFRebRbility Density Function) pour le
logarithme de la densité de I'énergie de I'ondeLdagmuir durant I'intervalle de temps
9:25-9:47 UT le 17 février 2002, quand les saedliCLUSTER se trouvaient au sein du
pré-choc terrestre (croix noires). La ligne rougentre I'ajustement par la distribution nor-
male selon la méthode de minimisation de I’err)gzurl_es lignes bleues et vertes correspon-
dent aux ajustements par la distribution Pearsotymke IV. L’'ajustement représenté par la

ligne bleue a été obtenu par la méthode de mintioisale I’erreurxz, alors que pour
l'autre ajustement, représenté par la ligne véete parameétres ont été calculés a partir des
estimations des moments de la distribution empiidues échelles logarithmique (a) et Ii-
néaire (b) pour les PDFs sont utilisées pour motdrdifférence entre les distributions, que
ce soit aux extrémités ou prés du sommet.

Les mesures de l'instrument WHISPER ont permis dérmen évidence sept évenements
durant lesquels les satellites CLUSTER ont détditdenses ondes de Langmuir au niveau
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du pré-choc terrestre et du vent solaire. Ces énenes qui sont différents en termes de
fréequence plasma, de durée et de nombre de measurég utilisés pour une étude statistique
plus importante. Les histogrammes de l'intensigatéhmique correspondants ont été ajustés
suivant une distribution Pearson de type IV, urstrithutionss, et une loi normale.

Les événements, leurs parametres ainsi que legrgales minimas d’erreur d’ajustement

v* obtenus lors de la méthode de minimisation dediery’ pour les histogrammes des
logarithmes d’intensité d’onde sont résumés danwleau 1. Pour tous ces évenements,

I'ajustement par la distributiofi ou celle de Pearson Type IV donnent un meilleuwnltés
c'est-a-dire que l'erreur d’ajustemeyft est inférieure & celle de la distribution normale
(cf. Tableau 1).

Le troisieme chapitre est consacré a lI'analyse statistique de la ndiestarité de la
partie quasi perpendiculaire de I'onde du chocestre. Dans cette optique, les mesures des
ondes de Langmuir au niveau du choc terrestre fesinpar les instruments WHISPER des
satellites CLUSTER ont été utilisées.

Dans cette étude, des manifestations de non-statib@d@ tels que les
ondulations/plissementont considérées [1L8Jusqu’a présent, la non-stationnarité du front
d’onde du choc terrestre est étudié essentiellemanke biais de la modélisation numérique
[40]. L’étude expérimentale de la non-stationnaditéfront du choc terrestre est trés difficile,
car elle nécessite la présence sur une longe di@®satellites au proche voisinage du front
de choc. De plus, la résolution spatiale des obsiens est limitée par la distance de
séparation des satellites.

Les auteurs de [13] proposent une méthode indietdétection a distance de la non-
stationnarité de la partie quasi perpendiculaird’@®de du choc terrestre. Le pré-choc est
constitué d’électrons réfléchis et accélérés danszdne quasi perpendiculaire du choc
terrestre. Ces flux se propagent suivant la dimactu soleil le long des lignes de champ
magnétique et excitent les ondes de Langmuir dsnmalocal. Ces ondes électrostatiques
sont détectées par les appareils embarqués dasetddies se trouvant dans la région du pré-
choc électronique [13, 122]. La déformation du frafu choc doit conduire a des
changements significatifs de ces flux et par consgtjdes spectres du champ électrique me-
suré. L'ondulation de la zone quasi perpendiculdirdront du choc entraine une modulation
du flux d’électrons et de I'intensité des onded.degmuir.

Tableau 1
Les parametres des évenements et résultats des agments

Erreury’ Type de

f distribution
Jour, heure (TU) N pe our un

’ kHz Type- p

P \y | hormale  ajystement

optimal

1 17.02.2002, 09:25-10:13 3742 29.13 2400 2242 2491 Type-IV
2  01.02.2003, 21:25-24:00 10590 16.44 9196 41.72 .8149Y Type-IV
3 | 03.03.2003, 17:08-17:23 6543 3597 3864 36.70 5/78 Type-IV
4 14.02.2005, 15:57-16:27 9181 23.8 31.80 32.19 3494 s

5 | 28.02.2005, 01:13-01:31 7066 19.69 8252 6255 6681 Type-IV
6  28.02.2005, 01:39-01:53 7627 21.32 89.27 95.38 1886. B

7

28.02.2005, 01:45-01:52 4017 21.32 36,89 3512 0915 Type-IV
N — nombre total de mesures effectuées pour |'étatestique.

Les données expérimentales utilisées pour cettle@int été obtenues a partir des satelli-
tes CLUSTER via l'instrument WHISPER entre janvedr début mai 2001. Durant cette
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période les quatre satellites CLUSTER traverséfentle du choc terrestre a plusieurs
reprises et réaliserent une multitude d’observatibes ondes électrostatiques du pré-choc. 48
passages de la limite du pré-choc avec dominarmmalds de Langmuir ont été sélectionnés.
La dynamique de lintensité du champ électrique t& @&nalysée pour chacun de ces
évenements. La distribution de cet échantillonarttion du nombre de Mach montre gu’a la
fois les faibles et les fortes ondes de choc ét@e¥sentes dans cette étude (cf. Fig. 3 a). Cela
permet de réaliser une analyse statistique rollgsta non-stationarité du choc terrestre.

L’énergie des ondes de Langmuir intervenant dange cétude est mesurée par
I'instrument WHISPER dans son mode opérationnetipaSes mesures sont échantillonnées
de maniere irréguliere a cause des mesures en deoftmctionnement actif de lI'instrument,
qui viennent s'’intercaler entre les mesures du mpassif. Pour palier ce probléeme de
résolution temporelle et afin de détecter la maitutade 'intensité des ondes, la méthode de
Lomb [128] a été utilisée. Cette derniere peut émrgloyée pour trouver des périodicités
cachées dans des données échantillonnées de maggmke.

Les résultats de la modélisation numérique indigupre la fréquence associée aux
ondulations/plissements du front de choc est camapdans lintervalle de fréquence
0.33fg; <f <fgj, oufg; est la gyrofréquence du proton [82]. C’est poutecedison que les
périodicités cachées sont recherchées dans cetimgae fréquence.

L’'analyse des 48 événements a montré que les j@tésd de l'intensité du champ
électriqgue pouvant étre formées par I'ondulatioriadsurface du choc terrestre sont absentes
pour les chocs ayant un faible nombre de Mach. ambre de manifestations de ces
périodicités augmente avec le nombre de Mach de @hg. 3 b).
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Fig. 3: @) histogrammes des estimations pour un nombre dghM&Alfvén caractérisant
des chocs quasi perpendiculaires aux passagestic@teés de la limite du pré-choc;
(b) dépendance du pourcentage de chocs statiosn@igees vertes) et non stationnaires
(lignes rouges) en fonction du nombre de Mach d/édf perpendiculaire (traits pleins) et du
nombre de Mach d’Alfvén du vent solaire (traits rgidiés). Afin de limiter la dispersion
statistique, le nombre de chocs est calculé pouaridervalles de nombres de Mach de
longueur 2 pour chaque point représenté sur lgghgraes.

Cette tendance est en accord avec les propriéséandieilations du front de choc obtenues
par le biais des simulations numériques [9, 40].

Le quatrieme chapitre de la thése est dédié au calcul du rayonnementdsition des
électrons relativistes au front du choc interplamét

Pour cette étude, le choc interplanétaire du 22i¢ar2004, observé par les satellites
CLUSTER et WIND a été considéré. Ce choc est quargiendiculaireds = 80°) et présente
un nombre de Mach élev#/{ = 5.6). Des mesures montrent une augmentatioristd des
électrons relativistes ayant des énergies allatyia 300 keV au voisinage du front du choc
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[14-15]. De surcroit, le front d’onde est accompagd’une intense émission de
rayonnement électromagnétique de fréqueheel.4f,e (65-90 kHz). Cette observation
pourrait étre interprétée comme étant le Rayonnéemigomeétrique Aurorale (AKR), en no-
tant toutefois que son intensité augmente conditlEreent au passage du front de choc. Cette
augmentation peut étre expliquée par une contdbutiu rayonnement de transition relati-
viste des électrons relativistes traversant letfdonchoc.

Afin de vérifier cette hypothése, le modele théeeigdécrivant le mouvement d'un
électron relativiste dérivant a travers une régilbnhomogéenéité de densité de plasma a été
développé. En prenant en compte les parameétres dill'événement, les électrons
relativistes et ceux du choc, il a été déduit guedjectoire de I'électron est rotative avec une
forme relativement compliquée (cf. Fig. 4 a).

y c
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Fig. 4 : (a) configuration des champs, gradientsagéctoire de dérivation de I'électron
dans la région du front de choc interplanétairgbdele d’'un électron en rotation dans le
profil de permittivité diélectriques(z) =&, - (¢,,/2)tanh(z/ LYgraphiques schématiques).

Dans le but d’affiner le modéle, les éléments suivaont considérés. Tout d’abord il a
été présumé que le champ magnétique contribuensentea la formation des trajectoires cur-
vilignes des électrons; en effet la composantetaats du champ magnétique s’avére trop
petite pour contribuer de facon notable a la vatlupermittivité diélectrique.

Ensuite le modéle de rotation d’'un électron relsté/autour du centre immobile, au sein
de la région d'inhomogénéité pendant le temps typide dérivation est introduit. Cela est
valable puisque la vitesse du centre de dérivaggintres inférieure a la vitesse de rotation
cyclotronique d’un électron.

L’équation d’'onde associée au vecteur poteatiébncgpourforme:

grad divA- AR =277 + g ?A, 7)
C

ou A4 est un vecteur potentiglest la densité de courant de I'électron en rotak(m) est la
permittivité diélectrique. L’équation (7) peut étesolue apres décomposition de la densité de
courant en ondes planes.

Tout d’abord, un profil de densité linéaire estgidaré et I'équation d’onde est résolue en
utilisant l'approximation WKB. Les résultats du @al ont permis d’étudier certaines
propriétés du rayonnement de transition, maisait @npossible d’établir le spectre du rayon-
nement. L’approximation WKB n’est pas applicableipdes angles de rayonnement proches
de n/2 par rapport a la direction du gradient de dénditn conséquence, le diagramme
directionnel ne peut étre obtenu que pour un ialer\d’angles limité, et le spectre est estimé
de fagon approximative.

Ainsi, le modele de faibles perturbations de la permiéidiélectrique a été utilisé pour
établir le spectre du rayonnement de transitioéectron relativiste dérivant a travers le
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front de choc. Dans le cadre de ce modele, la pivitd diélectrique est considérée
comme une somme de la composante constantt de la partie variable; telle que
E(z)=¢, +£,(2) = &, - (¢,,/2)tanh(zL) (cf. Fig. 4 b).

Par conséquent, I'équation d’'onde (7) a été résvlada méthode des approximations
successives par petit paramewe /&, [134]. Les résultats de cette résolution ont psrmi

d’obtenir le diagramme directionnet le spectre du rayonnement de transition et gonra
nement cyclotron pour le champ distant (cf. Fig. 5)

Le diagramme directionnel du rayonnement de trimmsést présenté sur la figure 5 a. Le
maximum de rayonnement correspond a la directiopgpeliculaire par rapport au gradient
de densité {=n/2), ou I'approximation WKB ne peut étre appliquéa propagation de
I'onde selon cette direction est un phénomene airgila la présence d’'un point de réflexion
sur le profil de densité et le rayonnement de ttmsassociée croit considérablement.

La valeur maximale du spectre du rayonnement dwsitran calculé appartient au méme
domaine de fréquence que la radiation observédepasatellites au voisinage du front de
choc.

Le diagramme directionnel déterminé pour le rayomsa cyclotron est équivalent au
diagramme directionnel du dip6le magnétique deZdée spectre du rayonnement cyclotron
atteint également son maximum dans la méme gamnfiggiegence que le rayonnement de
transition, mais son amplitude est significativemaférieure. Le rayonnement de transition
contribue ainsi majoritairement au rayonnement.tota
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Fig. 5: Le diagramme directionneh)(et le spectre (b) du rayonnement de transition

d’électron en rotation dans la région du choc pigrétaire. Les calculs correspondent a un élec-

tron relativiste d’énergi€&. = 300 keV en rotation dans des plasmas de demsitéd-16m™

et n, =2.2.16m™ respectivement avant et aprés le front de choemph magnétique

B =1.6-10°T et échelle d'inhomogénéité= 150 km.

Le spectre des vecteurs d’ondes, pour une fréquitoragée, obtenu par décomposition du
courant d’électron en ondes planes, s'avere étrdtplarge. Ceci est possible dans le modéle
en question puisque I'électron tourne autour dgsels de champ magnétique perpendiculai-
rement au gradient de densité du plasma. En coaeségula dispersion de résonance des on-
des de densité de courant sur les composantesutgerde permittivité électrique devient
possible, contrairement au cas de mouvement gwilde I'électron le long du gradient de
densité. Cet effet conduit & une croissance coratde I'intensité du rayonnement de tran-
sition pour I'électron effectuant une rotation delotron en comparaison avec le cas d'un
mouvement rectiligne. Dans les conditions spéodiqdu choc interplanétaire réunies le 22
janvier 2004, la croissance de l'intensité du ranpgment de transition causée par la trajectoire
rotative de I'électron est supérieure de plusigizaines d’ordres de grandeur.
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CONCLUSIONS

Au cours de cette these, les processus d’'ondesisinage des divers types de chocs au
sein des plasmas spatiaux ont été étudiés graceannées des satellites CLUSTER. Cette
étude a mis en ceuvre des modeles théoriques faisamntenir des calculs numériques et ana-
lytiques, ainsi que des analyses statistiques daé@ks des satellites. Les résultats obtenus ont
conduit aux conclusions suivantes.

1. En considérant les propriétés statistiques theleso de Langmuir mesurées par les
instruments WHISPER et WBD des satellites CLUSTERpparait que les distributions de
probabilité des logarithmes d’énergie des onded aegmuir dans le pré-choc terrestre
(obtenues grace a I'analyse des données expérimgrtiala modélisation numérique) ont un

meilleur ajustement par la distribution Pearsortyge 1V et la distribution$ plutot que la
distribution normale. Ce phénomene peut étre ewpligar une meilleure flexibilité de ces
distributions par rapport a la distribution normales résultats de la modélisation numérique
et 'analyse des données statistiques ont montee lgurincipale raison de formation de
distributions plus complexes est le nombre insaffisde régions ou les ondes s’amplifient.
Par conséquent, le théoreme central limite applégueélogarithmes des énergies des ondes de
Langmuir est inapproprié dans les conditions typgdu pré-choc.

2. Pour la premiéere fois une analyse statistiqueauportement non stationnaire de la
zone quasi perpendiculaire de I'onde du choc tegesété entreprise. Pour cela des mesures
du spectre du champ électrique effectuées a badsatellites CLUSTER par l'instrument
WHISPER durant 48 passages de la frontiere du lpwé-sont utilisées. Sont considérés,
parmi ces données, les évenements avec dominamweled de LangmuirLa non-
stationnarité du front de choc a été étudiée eticamt une méthode de détection a distance
de la partie quasi perpendiculaire de la surfacehie terrestre. Cette méthode est basée sur
I'analyse de modulation des oscillations du chateptéque HF correspondant aux ondes de
Langmuir et aux ondes électrostatistiques avecué®vge décalée dans le pré-choc
électronique. L'analyse des périodicités cachéeseann de I'énergie des ondes du plasma
révele une non-stationnarité du front de choc dianisrvalle de fréquence 0.33;<f <fg; , ou
fgi est la gyrofréquence du proton en amont du choaogitre que la probabilité d’'observer
une telle non-stationnarité croit avec le nombré/ideh. Ces propriétés sont en accord avec
les resultats de la modélisation numérique a progosndulation de la surface du choc ter-
restre.

3. Les profils observés a bord des difféerentedlgaseet les fréquences dominantes des
périodicités sont habituellement différents pous Evenements étudiés. Ainsi la non-
stationnarité et/ou I'ondulation semblent étre asgegulieres a la fois dans I'espace et dans
le temps plutdt que de ressembler a une onde gégsliere se propageant a la surface du
choc.

4. Le rayonnement détecté par les satellites CLUBSEEWIND le 22 janvier 2004 au
voisinage du front de choc interplanétaire pew &tterprété comme étant un rayonnement de
transition des électrons relativistes traversamt iggion d'inhomogénéité de densité dans le
front du choc. Cette hypothése est confirmée papéxtre du rayonnement de transition de
I'électron relativiste, ce dernier présentant urximam dans le méme domaine de fréquences
que les mesures. Le calcul de la radiation deitrans été effectué pour un électron en rota-
tion dans une région d’'un plasma inhomogéne dulariemps typique de dérivation de
I'électron a travers le front du choc.

5. Le spectre des vecteurs d’ondes, pour une fragudonnée, obtenu par décomposi-
tion du courant d’électron en ondes planes, s’a@éeeplutét large. Ceci est possible dans le
modele en question puisque I'électron tourne audesrlignes de champ magnétique perpen-
diculairement au gradient de densité du plasmacdaséquence, la dispersion de résonance
des ondes de densité de courant sur les composintesurier de permittivité électrique de-
vient possible, contrairement au cas de mouveneetitigne de I'électron le long du gradient
de densité. Cet effet conduit a une croissanceidémble de l'intensité du rayonnement de
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transition pour I'électron effectuant une rotatide cyclotron en comparaison avec le cas

d’'un mouvement rectiligne. Dans les conditions gges du choc interplanétaire réunies le
22 janvier 2004, la croissance de l'intensité drormmement de transition causée par la trajec-
toire rotative de I'électron est supérieure deipus dizaines d’ordres de grandeur.
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Shock waves in space and wave processes in thamityi have continually been
studied since the theoretical prediction of thelisiohless shocks [1] and their further
experimental detection in space (planetary andptaretary shocks) [2]. The observations of
satellitesISEE 1-2 revealed many interesting properties ofwihges near Earth shock and
shocks in the solar wind [4]. After tiH8EE two-satellite project the four satellites CLUERT
satellites were launched for the furthersitu studies of the near-Earth space plasma [5]. The
interpretation of the satellite data is performeashtmuously in relation with existing
theoretical concepts and numerical modeling reqdis The statistical properties of the
Langmuir wave amplitudes in electron foreshockstlagesubject of the special interest [10].

The fluxes of electrons accelerated in the quagpgreicular region of the Earth’s bow
shock generate intense Langmuir waves in the electoreshock region while moving
upstream. The intensity of these waves has guiégutar pattern (wave clumping) that is
usually explained by the presence of plasma demgitynogeneities moving the wave out of
resonance with the beam. The Stochastic Growth rfhe@s developed to interpret the
statistical properties of the Langmuir wave endrgthe Earth’s foreshock [11]. This theory
is built on the assumption that the wave passesynrdromogeneity regions with energy
increment/decrement and the intensity logarithmtriigtion function is normal. Most
statistical studies show that the wave energy ibigion correspond approximately to the
normal one with some discrepancies for very small eery large amplitudes due to thermal
and nonlinear effects respectively. A comparisorthwother existent distributions for
Langmuir waves having average amplitude was ndopaed. Moreover the dependence of
the wave energy distribution type on the increnmregtons quantity crossed by the wave was
not studied before. This study underlies the sulgéchapter 2.

The Earth’s bow shock rippling is a non-stationaritanifestation that was observed in
numerical experiments. This phenomenon is very icdif to study by satellites
measurements, because it demands long term presktioe spacecraft in the close vicinity
of the shock front. A single-event study was perfed [12], but it cannot be considered
general enough. In such case the deformationswfdhock quasiperpedicular part due to the
nonstationarity can be detected remotely by thdyaisaof modulation of Langmuir wave
amplitudes close to the foreshock boundary [13]is Ttechnique can provide a sufficient
statistical sample for the Earth’s bow shock framn-stationarity investigation (see
chapter 3).

In the solar wind CLUSTER spacecraft can also ofeseinterplanetary shocks.
Measurements near a high Mach number shock obsemwethnuary, 22, 2004 [14] show
simultaneous increase of the relativistic electrdensity and observation of the
electromagnetic emission on the frequency ~ 1.4pd.6vherefye is the electron plasma
frequency. The authors of [15] assumed that thissgon can be transition radiation of
relativistic electrons drifting through the shocamp. The approval of this hypothesis
demands theoretical calculation of the transitiadiation performed in fourth chapter of the
present thesis.

The introduction to the thesis shows the importance of the waveacheristics analysis
in the vicinity of space plasma shocks. The obyesti motivation and investigation methods
are outlined. Moreover, the information about stifennovelty, possibilities of practical ap-
plication of the results, the author’s contributtorthe performed work, results presentation at
conferences, seminars and symposia is given.

The first chapter is devoted to #terature review of the wave processes occurnmthe
vicinity of space plasma shocks. The physics olisiohless shocks is briefly explained. The
Earth’s bow shock and the reasons for the ele@rahion foreshock formation are described.
The state-of-the-art of the origin and the propsrtof the Langmuir wave upstream of the
Earth’s shock are reviewed in detail. The moderdenstanding of the Earth’s shock non-
stationarity is presented. The parameters of tte¥ptanetary shock wave observed on Janu-
ary, 22, 2004 by CLUSTER and WIND satellites aneegi The properties of the electromag-
netic emission associated with the shock frontaaisdyzed.
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The multisatellite project CLUSTER and the promestof some of its instruments,
namely WBD and WHISPER, are discussed briefly. @treclusions from this chapter justify
the necessity of further research of wave processéise vicinity of space plasma shocks,
specifically, statistical properties of Langmuir wea in the Earth’s foreshock, the Earth’s
shock front nonstationarity and wave processesingaplanetary shock fronts.

In the second chapterthe beam-plasma interaction is investigated aradissital
properties of small-amplitude Langmuir waves in Herth’s electron foreshock and in the
solar wind are analyzed. The theoretical modehefltangmuir waves’ propagation in plasma
with density inhomogeneities is introduced and u$ad numerical modeling. Obtained
numerical simulation results were compared with egxpental data from the WBD
instrument placed aboard CLUSTER spacecraft. Arerestte statistical investigation of
seven Langmuir wave events in the Earth’s foreshaoki in the solar wind using
observations from the WHISPER instrument of the SIEBR multi-satellite project was also
performed.

Previous statistical investigation of Langmuir wa\a the Earth’s foreshock and in the
solar wind upstream the Earth’s bow shock weredasethe Central Limit Theorem applica-
tion. Indeed, this is justified assuming that evemgve passes many (~10 for typical condi-
tions of the electron foreshock [11]) density inlomaneities that can cause amplitude
growth/damping, and these inhomogeneities are gladeitrary in space and have arbitrary
amplitudes [11]. This approach is used in the Sisttb Growth Theory, predicting normal
probability distribution function of Langmuir wavatensity logarithm at the Earth’'s fore-
shock and in the solar wind.

Numerical modeling and statistical studyinfsitu experimental data were carried out to
verify and elaborate the results of the Stocha&Stmwth Theory. The Nishikawa and Ryutov
[107] model was used for the simulation of the Lrang wave propagation in a plasma with
random inhomogeneities. For simplicity the statignease was considered, when Langmuir
waves enter a half-space> 0 occupied by an unstable inhomogeneous plaguoth the
plasma parameters and the solution depend onlpamlinatex and angle showing the devia-
tion from straight propagation and do not dependime. Then the spatial evolution of the
wave packet is governed by the following equatmrspectral energy density:

v, cos@a—W=_ii(Dsin6?a—Wj+l'W, (2)
ox singdod 04

where vy is wave packet group velocity(x, k, 8) is an effective damping/growth rate for
wave energy and) is the angle between theaxis and wave vector. The influence of
microscopic small-amplitude density fluctuationdescribed by the first term on the right-
hand-side in (1), wherB(x, k, 6) is the wave vector diffusion coefficient. The @ed term
takes into account the wave spectral energy degsityth/damping due to coming in/out of
resonance with an electron beam when wave croasgs-amplitude density inhomogenei-
ties.

For the numerical simulation the growth rdtéx, #) was chosen in the form of a
superposition of random amplitude impulses withdn positions. Every impulse corre-
sponded to the region of the resonance with a bedran the wave packet crossed a large-
amplitude inhomogeneity. The form of every impulges chosen to be Gaussian. The mean
number of impulses was chosen to be equal to 5@lforuns, but the exact number was
random and followed the Poisson distribution. Thgor of the total width of the region
occupied by large-amplitude inhomogeneities toittipgulse width Ax, was equal to the mean
number of impulses, 50. Thus in the case considedhhomogeneities overlapped, but for
a given point there were only a few overlappingutlsps. To estimate the probability density
function of the wave energy for given> 0, the results of 10 000 runs were taken with
different profiles of the growth rate, where batle humber of impulses, their amplitudes and
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positions were chosen randomly, in accordance witd corresponding probability
distributions.

The results of the numerical modelling allowed tménvestigate the dependence of the
wave spectral energy density distribution type loe number of density fluctuations passed
by wave packet. The authors of the previous siegisstudies [71, 77-78] confirmed qualita-
tively the normal law for the probability distriboih of the logarithm of the wave intensity, as
the one predicted by the Stochastic Growth Thebty. [Therefore the main objective of the
presented numerical simulation was to determinestifécient number of inhomogeneities
providing normal distribution of the wave intensgi According to criteria given in [117], for
chosen simulation parameters the distribution efgpectral wave energy logarithm obtained
numerically could be considered normal after 4énore inhomogeneities were passed by the
wave. Consequently, presuming normal distributimmtypical conditions of the Earth’s fore-
shock, the previously proposed value, ~ 10, [72-0f3lhe average number of macroscopic
inhomogeneities influencing wave growth/damplingirgerestimated. On the other hand, if
~ 10 large amplitude inhomogeneities is the corestimate for the Earth’'s foreshock, the
presented numerical simulation results predictsaitution different from a normal one.

The Pearson’s curves technique was used to clabsifsesults of the numerical modeling
and the experimental data analysis. The familyedrBon’s curves describes a wide class of
distributions having one extremum. They dependwamdimensionless parametétsandf.,
characterizing the asymmetry (skewness) and peaksdhkurtosis) of the distribution:

2

g =t p =t )
M M

whereu,, us anduy are three central moments of the distribution. Plarson’s distributions
have one extremum and can be described by theatiffal equation

df(x) _  x-a
dx by +bx+ by’ f(x). ®

wherea andb; are real constants [112-115]. Normal distributbonthe (1, £>) plane is repre-
sented by one point (0, 3), and most regions ompldmee correspond -distribution or Pear-
son Type IV distribution. These distributions arerenflexible for fitting in comparison with
the normal one, because their form depends on ffeer parameters compared to two free
parameters of the normal distribution. Indeed, ntbemal and thes-distribution in the nota-
tion of equation (3) have the forms:

0= oyt ©
f(x) = dx=x/*[x=x,|", (5)

whereg = (by —x0)/(b2(X2 — X1)), h = (%2 —by)/(b2(X2 —X1)), and the Pearson Type IV distribu-
tion is given by the equation:

— o[y2 4 a2 )@ _ B X
£(x)=c(x2+ A2} exp{ Ab arctanxj, (6)

whereX = x + by/(2by), B = by(1 + 1/(d,)), andA? = by/b, — by ?/(4b,7).
The distributions obtained by numerical modelliog different number of density inho-
mogeneities are presented in Fig. 1.
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The results of numerical modelling for chosen pat@rs showed that the distribution
of the wave spectral energy logarithm became nowhain the wave crossed 40 or more in-
homogeneities. This conclusion was made accordinthe criteria for normal distribution

introduced in [117]. Smaller number of inhomogemrsitesulted in Pearson Type IV distribu-
tion.
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Fig. 1: (a) The diagram for various types of Peardistributions, together with the re-
sults of numerical simulations (red circles) anghesumental data (triangle and rectangle
correspond to Pearson parameters calculated gireoth measurements and from tjfe
error minimization fitting of the Pearson classdMtribution). A black cross corresponds to
the normal distribution. (b) An enlarged part oéyious diagram. For several points the
effective numbers of regions with the positive giiowate, Ny, are shown. The regions
corresponding to different distribution classesd@roted by Roman numerals.

The experimental data of the WBD and WHISPER imsémts of CLUSTER spacecraft
for Langmuir waves in the Earth’s foreshock anthie solar wind were studied statistically to
justify the results obtained in numerical simulaioThe experimentally obtained probability
density distributions were fitted using-error minimization. One event containing 10 027
wave intensity values was chosen from WBD instruntienta. The wave intensity range was
divided into 30 logarithmically spaced bins and thstogram of the wave intensity loga-
rithms was built. This histogram is proportionaltte probability density function for the
logarithm of the spectral wave energy density itigased in numerical simulations. The ob-
tained probability density function was fitted thetPearson Type IV distribution using the
method ofy>-error minimization with the error valyé = 20.88, the minimum?-error for the
Pearson Type IV distribution fit obtained using émepl moments estimation method was
equal to 26.69, and thé-error minimization fit by the normal distributidmad the largest
value ofy*error— 66.44 (see Fig. 2).

The WHISPER instrument measurements allowed onkntbseven events where the
CLUSTER satellites were detecting intense Langmuaives at the Earth’s foreshock and in
the solar wind. These events had different paramépdasma frequency, duration, number of
measurements) and were used for further statisticaly. Corresponding logarithm intensity
histograms were fitted by Pearson Type IV, nornmal &distributions. The events, their pa-
rameters and minimurgf-errors values for fits of wave intensity logarithrhistograms are
listed in Table 1.

For all studied events the fits by Pearson Typ@id¥-distribution gave better results, i.e.
smallery®-error values, than normal distribution (see Tdble

The third chapter is devoted to a statistical investigation of tlenstationarity of the
Earth’s bow shock quasi-perpendicular part. Fos fhurpose the Langmuir wave measure-
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ments in the Earth’s foreshock performed by WHISRERruments of CLUSTER satel-
lites were used.
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Fig. 2. Probability density function (PDF) for thegarithm of Langmuir wave energy
density for the period 9:25-9:47 UT on February, 2002, when the CLUSTER spacecraft
were within the Earth’s electron foreshock (blacksses). The red line shows tjfeerror
minimization fit by normal distribution. The greand blue lines correspond to fits of Pearson
type IV distribution. The fit shown by the blue dirwas obtained by’-error minimization,
while for another fit shown by the green line thargmeters were calculated from the
estimates of moments for empirical distribution.ghathmic (a) and linear (b) scales for
PDFs are used to show the difference between #telditions both on the tails and near their
peaks.

Table 1
The events parameters and fitting results
‘ ¥* — error The type of
Date, time (UT) N pe Tvpe- better fit dis-
kHz B )(\F/) normal | tribution

1 17.02.2002, 09:25-10:13 3742 29.13 2400 2242 2491 Type-IV
2  01.02.2003, 21:25-24:00 10590 16.44 9196 41.72 .8149Y Type-IV
3 | 03.03.2003, 17:08-17:23 6543 35.97 3864 36.70 5/78 Type-IV
4 14.02.2005, 15:57-16:27 9181 23.8 31.80 32.19 3494 s

5 | 28.02.2005, 01:13-01:31 7066 19.69 8252 6255 6681 Type-IV
6  28.02.2005, 01:39-01:53 7627 21.32 89.27 95.38 1886. B

7

28.02.2005, 01:45-01:52 4017 21.32 36,89 3512 0915 Type-IV
N — total number of measurements used for statisiody.

In this study manifestations of non-stationaritglswas rippling/wrinkling is considered
[18]. Until now the Earth’s bow shock front nonistaarity have mostly been studied by
means of numerical modelling [40]. The experimerstaldy of the Earth bow shock front
non-stationarity is a very complicated problem,aase it requires the long-term presence of
satellites in close vicinity of bow shock front atie spatial resolution of observations is lim-
ited by spacecraft separation.
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The authors of [13] suggested the indirect remarsing method for the non-
stationarity diagnostics of the bow shock surfasasitperpendicular part. The electron fore-
shock is filled with energetic electrons reflectmud accelerated in the quasi-perpendicular
zone of the Earth’s bow shock. These electron 8ugepagate in the sunward direction
along the magnetic field lines and generate Langmaves detected by satellite instruments
in the electron foreshock region [13, 122]. Theodeifation of the shock front should lead to
significant changes of these fluxes, that resutthanges of the observed electric field spectra.
The rippling of the quasi-perpendicular zone of g#heck front leads to modulation of the
electron fluxes and the Langmuir wave intensities.

The experimental data considered in this study weléained aboard CLUSTER
spacecraft by the WHISPER instrument between Jgrara early May 2001. During this
time period the four CLUSTER spacecraft crossedBhegh’s bow shock many times and
made numerous observations of the foreshock watireitpc48 crossings of the foreshock
boundary with dominating Langmuir waves were cho3dre electric field intensity dynam-
ics was analyzed for these events. The estimat&éaoh numbers for corresponding shocks
show that in the study both weak and strong shaakes were present (see. Fig. 3a). Conse-
guently, it was possible to perform adequate sieais investigation of the front non-
stationarity for various shocks.

The Langmuir wave energies used in this study wezasured by the WHISPER instru-
ment in its passive operational mode. These data ingegular gaps in the time periods when
WHISPER operated in active sounding mode. Thud-ttneb method [128] was applied in
order to find the modulation of wave intensitiebisSTmethod can be used to find hidden peri-
odicities in unevenly sampled data.

The numerical modeling results indicate that theq@iency corresponding to rip-
pling/wrinkling of the shock front lies in the ram@.33fg; <f <fgj, wherefg; is the proton
gyrofrequency [82]. That is why the primary focaghe statistical analysis was on the hidden
periodicities of the wave intensities in this fregay range.

The study of 48 events showed that the periodgitiethe electric field intensity, that
could be formed due to rippling of quasi-perpentdicuegion of the Earth’s bow shock sur-
face, were absent for low Mach number shocks anet p@nounced for high Mach number
shocks (see Fig. 3b).
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Fig. 3: @) histograms of proxies for Alfvén Mach number @werizing quasi-
perpendicular shocks related to the selected crgssiof the foreshock boundary;
(b) dependence of percentage of stationary (griees)land nonstationary (red lines) shocks
on the proxy of perpendicular Alfvén Mach numbeitslines) and on the solar wind Alfvén
Mach number (dashed lines). To decrease statisticattering, the number of shocks is
calculated for Mach number intervals of length 2dach point shown on the plots.
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The obtained dependency corresponds to shock figpling properties known from
numerical simulations [9, 40].

In the fourth chapter of the thesighe transition radiation of relativistic electroasan
interplanetary shock front was calculated.

The considered interplanetary shock wave detecte@lJSTER and WIND satellites on
22 January, 2004, was quasi-perpendicular=(80°) and had high Mach numbé¥{ = 5.6).
Measurements showed the increase of relativisacten density with energies up to 300
keV in the shock front vicinity [14]. Moreover thveave front was accompanied by intense
electromagnetic radiation at the frequericy 1.4f,e (65-90 kHz). This radiation could be
Auroral Kilometric Radiation (AKR), but its interigi considerably increased during the
shock front passage. Therefore some contributidhisoradiation could also be made by such
physical process as transition radiation of thatiéktic electrons crossing the shock ramp.

A theoretical model of relativistic electron dniftj through the region of a plasma density
inhomogeneity was developed to verify this assuomptifaking into account the actual pa-
rameters of the event, shock and relativistic ebas, it was concluded that the electron tra-
jectory was rotational and had a quite complicdteth (see Fig. 4a). The constant compo-
nent of magnetic field turns out to be too smalawe a noticeable influence on the dielectric
permittivity value. Therefore in the theoretical debit was assumed that the role of the mag-
netic field was only in the formation of the cumear trajectories of electrons. The velocity
of the guiding centre was much smaller than theoargl of electron cyclotron rotation.
Therefore the model of relativistic electron ratgtiaround a motionless centre inside the in-
homogeneity region during the typical time of thé&@tdvas considered. The corresponding
wave equation for the vector-potential was solved:

grad divA—AA=4TnT+ekOZA, (7)

whereA is the vector-potentiaj,is the current density of the electron having tiotel orbit,
ande(z) is a dielectric permittivity. The equation (7) che solved after the electron current
density decomposition into plane waves.
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Fig. 4 : (a) configuration of fields, gradients aeléctron drift trajectory in the inter-
planetary shock front region; (b) model of the #lat rotating in the dielectric permittivity
profile £(z) = ¢, - (€,,/2)tanh(zL) (schematic plots).

First the model with linear density profile was smlered and the wave equation was
solved using WKB approximation. The calculationutess allowed one to study some transi-
tion radiation properties, but it was impossibleotitain the radiation spectrum. The WKB
approximation is not applicable for radiation amsgldose ton/2 relative to the density
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gradient direction. Therefore, the radiation patteould be obtained only for a limited
range of angles, and the spectrum was only rouggtiynated.

Consequently, the model of small perturbationsieledtric permittivity was used to ob-
tain the transition radiation spectrum of the tiglatic electron drifting through the inter-
planetary shock front. In the frames of this modéet)ectric permittivity was considered as a
sum of some constant component, and variable part &, so that
E(z)=¢, +£,(2) = &, - (£,,/2)tanh(zL) (see Fig. 4b).

Accordingly, the wave equation (7) was solved usthg successive aproximations
method by small parameter, /£, [134]. The calculation results allowed to obtaadliation

patterns and spectra of transition and cyclotrainataon in the far zone (see Fig. 5).

The transition radiation pattern is presented m Bba. The maximum of the radiation cor-
responds to the direction perpendicular to the iferggadient ¢ ==n/2), where WKB ap-
proximation cannot be applied. Radiation propaguaitiothis direction is a phenomenon simi-
lar to the presence of a reflection point on thasttg profile and corresponding transition
radiation increases considerably.

The maximum of the calculated transition radiatspectrum lies in the same frequency
region as the radiation observed by satellitebénvicinity of the interplanetary shock front.
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Fig. 5: Radiation patterra) and spectrum (b) of transition radiation of thecton rotating
in the interplanetary shock region. Calculationsemgerformed for relativistic electron with
energyEe. = 300 keV in plasmas with density= 1-1G m™ before andh, = 2.2-:18 m* after
the shock front, magnetic fieBl= 1.6-10° T and inhomogeneity scale= 150 km.

The obtained radiation pattern for cyclotron radiais equivalent to the radiation pattern
of a magnetic Hertz dipole. The spectrum of cydotradiation also has its maximum in the
same frequency region as transition radiationjtswamplitude is significantly smaller. There-
fore the main contribution to total radiation isdeaby transition radiation.

The spectrum of wave vectors for given frequenctaioled by expanding the electron
current into plane waves by applying Fourier transf turned out to be quite wide. This is
possible in the considered model because the eteobtates around the magnetic field lines
perpendicular to the plasma density gradient. Assalt, the resonant scattering of the current
density waves on the Fourier components of digtepgrmittivity into electromagnetic emis-
sion becomes possible, in contrast to the casgafjist motion of the electron along the den-
sity gradient. This effect results in the consitdgayrowth of transition radiation intensity for
the electron performing cyclotron rotation in comgan with the case of straight motion. In
the specific conditions of the interplanetary shoblserved 22 January, 2004, the growth of
the transition radiation intensity due to rotatibel@ctron trajectory is more than several tens
of orders of magnitude.
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CONCLUSIONS

In this thesis wave processes in the vicinity ofiouas types of shocks in space plasma
were studied using CLUSTER spacecraft data. Thesiiyation was performed by develop-
ing theoretical models by means of analytical amcherical calculations, and statistical satel-
lite data analysis. The obtained results allow mglkhe following conclusions.

1. Statistical properties of the Langmuir waves soeed by WHISPER and WBD in-
struments of the CLUSTER satellites were studiede Pprobability distributions of the
Langmuir wave energy logarithms in the Earth’s $tweck obtained by means of experimen-
tal data analysis and numerical modeling were shimnpe better fitted by Pearson Type IV
andp-distribution rather than by a normal distributidinis phenomenon can be explained by
better flexibility of these distributions in comgson with the normal one. The results of nu-
merical modeling and statistical data analysis stbtiat the main reason for the formation
of more complicated distributions is insufficienimber of regions where the waves grow.
Consequently, the Central Limit Theorem for lodars of the Langmuir wave energies fails
to be true under the typical conditions of the Earelectron foreshock.

2. For the first time a statistical analysis of then-stationary behaviour of quasi-
perpendicular zone of the Earth’s bow shock wasopmed using WHISPER measurements
of electric field spectra obtained aboard CLUSTHRcecraft during 48 crossings of the
electron foreshock boundary with dominating Langnwiaves. The non-stationarity of the
shock front was studied by applying a method fonote sensing of the quasi-perpendicular
part of the bow shock surface based on modulatiatyais of corresponding to Langmuir,
upshifted, and downshifted HF electric field ostithns in the electron foreshock. Analysis of
hidden periodicities in the plasma wave energy akvahock front nonstationarity in the
frequency range 0.33i<f <fg; , wherefg; is the proton gyrofrequency upstream of the shock,
and shows that the probability to observe suchrstationarity increases with Mach number.
These properties correspond to existing theoryramderical modeling results about rippling
of the Earth’s bow shock surface.

3. The profiles observed aboard different spaceenad the dominating frequencies of
the periodicities were usually different in thedad events. Hence non-stationarity and/or
rippling seem to be quite irregular both in spand &me rather than resembling a quasi-
regular wave propagating on the shock surface.

4. The radiation observed in the vicinity of théenplanetary shock front detected by the
CLUSTER and WIND satellites on 22 January, 2004 b& interpreted as transition
radiation of relativistic electrons crossing thensiey inhomogeneity region in the shock
ramp. This assumption is confirmed by the spectmimrelativistic electron transition
radiation having maximum in the same frequency eaag in measurements. The calculation
of transition radiation was performed for one eal@ct having rotational orbit in
inhomogeneous plasma region during the typical wintthe electron drift through the shock
ramp.

5. The spectrum of wave vectors for a given fregyesbtained by expanding the elec-
tron current into plane waves by applying Fourtansform turned out to be quite wide. This
Is possible in the considered model because atr@heitates around the magnetic field lines
perpendicular to the plasma density gradient. Aesalt, the resonant scattering of the current
waves on the Fourier components of dielectric peiity into electromagnetic emission be-
comes possible, in contrast to the case of straigition of the electron along the density
gradient. This effect results in considerable ghowft the transition radiation intensity for the
electron performing cyclotron rotation in compariseith the case of straight motion.
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[11 A numerical model for wave propagation in an unstable plasma with inhomogeneities
is developed. This model describes the linear interaction of Langmuir wave packets with
an electron beam and takes into account the angular diffusion of the wave vector due to

wave scattering on small-amplitude density fluctuations, as well as suppression of the
instability caused by the removal of the wave from the resonance with particles during
crossing density perturbations of relatively large amplitude. Using this model, the
evolution of the wave packets in inhomogeneous plasmas with an electron beam is
studied. To analyze data obtained both in space experiments and numerical modeling, a
Pearson technique was used to classify the spectral density distributions. It was shown that
both experimental distributions obtained within the Earth’s foreshock aboard the
CLUSTER spacecraft and model distributions for the logarithm of wave intensity belong
to Pearson type IV rather than normal. The main reason for deviations of empirical
distributions from the normal one is that the effective number of regions where the waves
grow is not very large and, as a consequence, the central limit theorem fails to be true
under the typical conditions for the Earth’s electron foreshock. For large amplitudes, it is
suggested that power law tails can result from variations of wave amplitudes due to
changes of group velocity in the inhomogeneous plasma, in particular due to reflection of

waves from inhomogeneities.

Citation: Krasnoselskikh, V. V., V. V. Lobzin, K. Musatenko, J. Soucek, J. S. Pickett, and I. H. Cairns (2007), Beam-plasma
interaction in randomly inhomogeneous plasmas and statistical properties of small-amplitude Langmuir waves in the solar wind and
electron foreshock, J. Geophys. Res., 112, A10109, doi:10.1029/2006JA012212.

1. Introduction

[2] From the beginning of space research onboard
satellites Langmuir waves have been the object of inten-
sive studies in the solar wind, within the Earth’s electron
foreshock, and in the vicinity of other planetary shocks.
These waves are generated as a result of the beam-plasma
interaction. The early experimental studies of these processes
were carried out in the source regions of the type III solar
radio bursts. Detailed direct in situ measurements at 1 AU
have shown the simultaneous occurrence of a bump on tail
electron distributions and an increase of plasma wave level
above the background [Lin et al, 1981]. There were no
indications of any of the plateau-type particle distribution
predicted by quasilinear theory. From the very beginning it
was pointed out that plasma waves are clumped into spikes
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?le Studium Institute for Advanced Studies, Orleans, France.
*Institute of Atmospheric Physics, Prague, Czech Republic.
4University of Iowa, Iowa, USA.
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with peak amplitudes typically three orders of magnitude
above the mean [Gurnett et al., 1978]. The question arose
whether these observations can be interpreted in terms of
nonlinear wave packets, solitons, or wave collapse [Smith,
1977], because the major results of theoretical studies of
weak and strong turbulence were already published at that
time. Smith and Sime [1979] analyzed Langmuir waves in
type III solar radio bursts sources in the solar wind. They
pointed out that there is no evidence of any strong nonlinear
phenomena such as soliton formation or collapse in the
experimental data. They proposed the explanation of the
clumping phenomenon based on the idea that the plasma is
inhomogeneous, and in most regions where the beam could
excite the waves the characteristic scale of the inhomogene-
ity is comparable with the spatial growth rate, thereby
resulting in suppression of the instability. They argue that
sufficient amplification occurs only along certain paths
where by chance successive inhomogeneities are sufficiently
similar that they do not interfere with the amplification
process leading to the observed spikes. This idea was further
developed by Muschietti et al. [1985], Melrose et al. [1986],
Robinson [1992, 1995], and Robinson et al. [1993a, 1993b,
2004].
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[3] A very similar problem of beam-plasma interaction
was studied in a laboratory plasma. The effect of density
fluctuations was found to be important for the development
of'the instability and Nishikawa and Ryutov [1976] suggested
that the major effect of small amplitude density fluctuations
can be taken into account in the form of effective angular
diffusion of the wave vector, which in turn results in the
deviation of the wave phase velocity and quenching the
instability. This approach was used in further studies in
space and laboratory plasmas.

[4] The observations of the large scale electron density
fluctuations in the solar wind gave strong argument in favor
of such an interpretation. In situ measurements of the
density fluctuations spectrum onboard ISEE 1 and 2 satel-
lites [Celnikier et al., 1983] revealed that characteristic
density fluctuations as high as én/n ~10"2 may exist on
the scale range of the order of 100 km, while interplanetary
scintillations measurements from extragalactic radio sources
give an average value for 6n/n of the order of 10> [Cronyn,
1970]. In an ISEE propagation experiment, under typical
conditions for solar wind at 20 Rg, Celnikier et al. [1983]
also found that the electron density power spectrum is not fit
by a single power law in the entire frequency range from
103 Hz to 5 Hz. Rather, there are two frequency ranges
with different spectral indices, with the spectra showing the
fracture at 6 - 102 Hz. Later on, for a considerably larger
data set, Celnikier et al. [1987] confirmed their previous
conclusion about two power laws with a transition point at
about 0.1 Hz. They also argued that the power index for
high frequencies is variable, while for low frequencies the
index is approximately constant, and the absolute value of
density fluctuations is proportional to the mean plasma
density. The main contribution to the fluctuation level
comes from high frequencies, for frequency range 4-—
16 Hz the mean relative fluctuation is as large as 0.04. In
addition, Celnikier et al. [1987] found no evidence of a
strong anisotropy of density fluctuations. Recently, Kellogg
and Horbury [2005] have deduced density fluctuation
spectra from EFW probe potential variations measured
aboard Cluster spacecraft in the free solar wind. Because
the observed electric fields accompanying these fluctuations
are quite low, Kellogg and Horbury [2005] argue that
electron and ion fluctuations are canceled out and resulting
charge separations are small. Thus the fluctuations resemble
ion acoustic waves [Kellogg and Horbury, 2005].

[5] The presence of such fluctuations can result in several
physical effects that can affect beam-plasma interaction
dynamics. Certain effects were identified recently making
use of direct measurements of high frequency electric fields
in space. Bale et al. [1998] and Kellogg et al. [1999] have
reported that the waves observed in the vicinity of the
electron foreshock region have quite often elliptical polar-
ization, rather than linear, and can belong to the Z-mode
rather than the Langmuir mode. They suggested that the
transformation of primarily generated Langmuir waves to
the slow electromagnetic mode can occur due to plasma
inhomogeneities. Bale et al. [2000] have studied the depen-
dence of wave amplitudes upon the ratio of the beam speed
to the thermal electron velocity and have found that there is
no direct correlation between the intensity of waves and
characteristic energy of beams. Bale et al. [1997] pointed
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out that presumably the probability distribution of wave
intensity dependence should be separated on two parts.
Small-amplitude waves can have the distribution related to
linear instability properties while large-amplitude wave
statistics described by a power law tail can be determined
by nonlinear processes. An additional observational evi-
dence of the role of nonlinear processes for large-amplitude
wave statistics was presented by Soucek et al. [2005].

[6] Intensive studies of experimental probability distribu-
tions of wave energy were initiated by the development and
application of stochastic growth theory (SGT) [Robinson,
1992, 1995; Robinson et al., 1993a, 1993b; Cairns and
Robinson, 1997, 1999]. The main idea of the SGT consists
of the suggestion that the presence of large-amplitude
density fluctuations results in the existence of finite regions
where the instability occurs, similar to what was stated by
previous authors. This gives rise to a statistical distribution
of the growth rate, which in the limiting case, assuming a
central limit theorem holds, results in lognormal distribution
for the wave intensity. This result was obtained under the
assumption that the wave amplitudes don’t reach the level at
which nonlinear processes become active. Making use of
different experimental data obtained aboard spacecraft,
Robinson et al. [1993a, 1993b], Cairns and Robinson
[1997, 1999], Cairns et al. [2000], and Sigsbee et al.
[2004] have demonstrated that the distributions observed
at a point closely resemble a lognormal in the majority of
the foreshock. However, close to the foreshock boundary
[Cairns et al., 2000] and averaged over the foreshock [Bale
et al., 1997; Cairns and Robinson, 1997; Boshuizen et al.,
2001] the distributions appeared power law at high fields
with P(E) < E~2. Spatial variations in wave parameters and
the relatively small number of field samples and periods
analyzed made it difficult to assess deviations from lognor-
mals in these analyses.

[7] Recent simulations, which include Langmuir-beam
evolution in an inhomogeneous plasma background, incor-
porate angular scattering, and take into account nonlinear
wave processes, demonstrate the evolution of the beam-
plasma system to a final state predicted by the stochastic
growth theory [Li et al., 2006a, 2006b].

[s] It is worth noting that very similar problem was
studied for many years in radio engineering in connection
with the shot noise probability distributions. Gilbert and
Pollak [1960] developed an analytical approach to evaluate
the probability distributions of shot noise that consists of
pulses having a predefined shape and dependent upon
parameters that determine the characteristics of pulses. They
have obtained the integral equation that allows one to find
such a distribution for different types of pulses. However, in
most interesting cases the equation can be solved only
numerically, thus the problem how to characterize such
distributions was kept open.

[v] The question we will address in our paper is: can one
distinguish and quantitatively characterize the role of dif-
ferent effects such as the angular diffusion due to small-
amplitude density fluctuations, linear growth of waves in
strongly inhomogeneous plasma, and amplitude variations
associated with the change of the wavelength due to
variations of plasma density. For this purpose we suggest
to use the Pearson technique of classification of different
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distributions [Pearson, 1895]. A comparative analysis of
distributions obtained from modeling and experimental
measurements can allow identifying the relative role of
different factors. Our work is the first step on quantifying
physical processes with the use of such statistical approach,
but the results obtained seem to be very promising.

[10] Presented in this paper experimental observations
made aboard the CLUSTER spacecraft in the solar wind
show that the probability density function for energy of
small-amplitude Langmuir waves can deviate considerably
from a lognormal distribution. In addition, a theoretical
interpretation of these deviations and comparison of numer-
ical simulation results with experimental data are provided.

[11] The remainder of the paper is organized as follows.
Section 2 describes a numerical model for Langmuir wave
growth/damping in the presence of an electron beam, a
multitude of small-amplitude density fluctuations, and a
single large-amplitude density inhomogeneity. This model
is used to study the spatial evolution of a single plasma
wave packet. In Section 3, the numerical model presented in
the previous section is used to determine statistical param-
eters characterizing a spatial evolution of Langmuir waves
in plasmas with a number of random large-amplitude
inhomogeneities. Besides, this section describes a classifi-
cation procedure of measured/modeled distributions by
attributing them to one of a family of Pearson distributions.
The results obtained both in numerical simulations and
aboard the Cluster spacecraft in a vicinity of the Earth’s
foreshock boundary are briefly discussed in Section 4. The
main conclusions of the paper are summarized in Section 5.

2. Numerical Model for Beam-Plasma Interaction
in Randomly Inhomogeneous Plasmas

[12] To study the influence of random density inhomo-
geneities on the evolution of Langmuir waves resulting
from the plasma-beam instability in space plasmas, we
assume for simplicity that the inhomogeneities fall into
two distinct types, namely relatively large-amplitude density
disturbances and small-amplitude ones. Suppose further that
these inhomogeneities have negligible velocities as com-
pared to the group velocity of Langmuir waves and large
characteristic spatial scales, the scale of large-amplitude
fluctuations being larger than that of small-amplitude ones.

[13] To come to a more precise mathematical description,
let us introduce the following notation. Let ¢ and Q be
typical “wave numbers” characterizing spatial scales of
small-amplitude inhomogeneities and large-amplitude ones,
respectively, An and AN be the corresponding typical
plasma density perturbations, & a typical wave number of
unstable Langmuir waves, v, and I" the group velocity and
growth rate for their energy, respectively.

[14] Let the characteristic spatial scales of both types of
inhomogeneities be large as compared with the wavelength
of plasma oscillations and the growth rate be sufficiently
small,

O<T/v, < gk

In this case, we can introduce an average spectral density of
Langmuir waves, W, where the averaging is performed over
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the space and time intervals Ar and Ar satisfying the
conditions

1/qvy < At < 1/T, 1/Qv,
and
1/qg < Ar < v /T, 1/0. (1)

From (1) it follows that the wave packets under considera-
tion are more narrow than large-amplitude density inhomo-
geneities but extend over a lot of small-amplitude
fluctuations.

[15] If for small-amplitude density fluctuations the
condition

An/n < 3Tk2/mu112,€

is satisfied, the Langmuir wave packets cannot be trapped
by these inhomogeneities but only scattered. Moreover, the
scattering is elastic (without changes of frequency and
absolute value of wave vector) and diffusive if the
inhomogeneities are randomly distributed in space and their
velocities are negligible [Nishikawa and Ryutov, 1976]. For
large-amplitude inhomogeneities, we assume that

AN /n < 3TK [mu,,
in other words, the magnitude of the wave vector can be
changed significantly during crossing such an inhomogeneity
but the inhomogeneity is not large enough to reflect the
packet backwards.

[16] In summary, for small-amplitude density fluctuations
the assumptions by Nishikawa and Ryutov [1976] are used,
allowing us to treat these fluctuations as a stochastic process
and calculate their influence in the Fokker-Plank approxi-
mation, while the interaction of a wave packet with each
large-amplitude density disturbance should be considered in
the framework of a deterministic approach. Thus the evo-
lution of the waves is described by the equation

aa—V:/Jr (Ve V)W = ADW +T'W,
where W is the wave spectral energy density.

[17] Tt is worth noting here several properties of the wave
propagation in the presence of the growth/damping effects
when the diffusion effect is negligible and some inhomo-
geneities are large enough to reflect the packets backwards,
AN/n 2 3T kz/mwf,e. The plasma density profile is assumed
to be presented as a hypersurface having valleys and hills
and the wave propagation corresponds to the motion of
some “object” that flies at a certain constant height. When
the object meets the hypersurface of the “land,” it is
reflected. Because of instability, the wave grows in ampli-
tude while moving within some “cone,” otherwise it
damps. In addition, the wave amplitude can also change
due to variations of group velocity. Such a picture corre-
sponds to a WKB solution that can be written as

%exp(—iwt—i—i/kdr),

W(tr)=
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where k is a complex wave vector describing variations of
both the wave phase and amplitude and £, is the component
of the wave vector perpendicular to the surface. In such a
case the statistics of wave amplitudes is determined by the
statistical properties of the plasma density profile and the
initial value of the wave vector. There exist several different
groups of waves, which can be classified as follows. The
waves from the first group are trapped inside some valleys
and cannot escape. They are localized in the vicinity of the
three-dimensional density holes and their dynamics consists
of periodical variations between damping and growth. The
second group includes the waves that move in multiply-
connected area and are reflected to rather arbitrary angles
while touching the surface. The wave amplitude temporarily
grows during reflection and on average the wave will
mainly grow and damp in the presence of the growth/
damping rate. An important change in the wave behavior
happens if the effect of the diffusion on the small-amplitude
density fluctuations becomes strong enough. In the case
with negligible diffusion, the trajectories in general can
intersect, however, the local amplitude behavior is deter-
mined by the waves that arrive from the “cone‘ of growth
rate. In another case when the diffusion effect is large
enough, the waves can arrive from any direction and the
effects of the interference can also become important.

[18] The plasma inhomogeneities encountered by the
wave packet influence the wave amplitude due to variations
of the effective growth rate, refractive scattering, and
variations of the group velocity. Indeed, consider a one-
dimensional case in the approximation of geometrical optics
and zero growth rate. Let x = 0 be the point of reflection.
The wave number k vanishes at x = 0. Assume that in a
sufficiently large vicinity of this point k o< x> We have
voW = const, where ¥ is the wave energy density. From the
dispersion relation for Langmulr waves it follows that v, o
k, thus the wave energy is proportional to k~'. By deﬁm-
tion, the probability to observe the wave energy within the
range from W to W + dW is Py(W) dW. In the case of
standing waves, there is a one-to-one correspondence
between x and W, hence, Py(W) dW = P.(x) dx, where

P.(x) dx is the probablhty to make the measurements within
given space interval. If we assume that the instrument
moves with a constant velocity in the region of interest,
P, will be constant and after simple and straightforward
calculations we get a power law distribution of wave
energies, Py{W) oc W >, In the other case when the wave
activity is composed of separate packets and these packets
are oscillating between the points of reflection, the proba-
bility to observe the waves within given space region w111 be
inversely proportlonal to its group velocity, P, o vf> , and
we get Py(W) o W 2. Previous analyses yield Py(W)
W3 at high W for waves subject to refractive scattering by
zero-mean, Gaussian density fluctuations along a raypath
[Salpeter, 1967] and propagation of rays subject to a caustic
[Cairns, 2004; M. A. Walker, personal communication,
2003]. Obviously, these mechanisms can change consider-
ably the high-energy part of the distribution by forming a
power law tail. However, a detailed study of this effect is
beyond the scope of the present paper, where we will focus
on the effects of diffusion and fluctuations of the growth
rate and consider experimental data with small wave ampli-
tudes and without power law tails.
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[19] There exist two simplified approaches to study
statistical properties of waves in unstable plasmas with
inhomogeneities, i.e., with the use of a stationary boundary
problem for wave propagation and a temporal one. In the
first approach, a stationary state for wave energy density is
considered, both the growth rate and wave spectra depend-
ing on coordinates. The second approach was used by
Nishikawa and Ryutov [1976], who studied a temporal
evolution of the waves in macroscopically homogeneous
plasmas, without dependence on spatial coordinates. These
two approaches have obvious similarity, however, in the
present paper we choose the first one, which seems to be
more convenient from a numerical point of view.

[20] Thus to simplify the problem, let us consider a
stationary case, when Langmuir waves enter a half-space
x > 0 occupied by unstable nonuniform plasma and both the
plasma parameters and solution depends only on one
coordinate, x, and does not depend on time. Then the spatial
evolution of the wave packet is governed by the equation

vgcosl) —— =

Ox  sinf 90

ow 1 0
00

Dsmea—W) +TIw, (2)

where I'(x, k, 0) is an effective damping/growth rate for
wave energy and 6 is the angle between the axis x and wave
vector. The influence of microscopic small-amplitude
density fluctuations is described by the first term on the
right-hand-side in (2), where D(x, k, ) is the diffusion
coefficient.

[21] First of all, it is instructive to analyze effects of
small-amplitude density fluctuations. In this case, wave
packets with different wave numbers evolve independently.
If we take a narrow range of wave numbers and assume that
the fluctuation spectrum is isotropic, then the diffusion
coefficient D is approximately constant and the growth rate
depends only on x and 6.

[22] Let I' be a typical value of the growth rate in the
region considered. From (2) we observe that two dimen-
sionless parameters can be introduced, 6; = I'/D and 6, =
I'Ax/vy, where Ax is a characteristic length. The second
parameter, 6,, characterizes the spatial growth/damping rate
of the waves if the diffusion effects are negligible. More
precisely, if we choose the angle # = 0 and consider two
points separated by a sufficiently small distance Ax such
that I'(x, 0) does not change considerably between the
points chosen, the wave energies at these points will differ
by a factor of exp(d,), i.e.,

AlnWw

0y = Ax A

D=0

To evaluate the relative contribution of the growth/damping
with respect to diffusion in the numerical simulations, it is
natural to consider a ratio

Alnw
R= Ax A /52, (3)
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which can be introduced both for the spectral energy density
W(x, 0) and for the total wave energy density,

Wit = 27r/ W(x,0)sin6de, (4)
0

if the dependencies of W(x, 6) and W, (x) on the distance
are approximately exponential in the region considered. In
particular, this is the case when the growth rate depends
only on 6, for example,

I(x,6) 176\
T =—-0.1+1.1 exp[—z(ﬂ> :| (5)

For numerical modeling, a finite difference approximation
scheme was developed to solve the differential equation (2).
Both the approximations and algorithm for solving the
equations obtained are similar to those described by Mishin
et al. [1990] and Khazanov et al. [1994].

[23] The results of calculations with the growth rate
profile (5), where A@ = 7/10, are shown in Figure 1, both
for the spectral energy density W(x, 6) and for the total wave
energy density Wi,

[24] It is easily seen from Figure la that for small ratios
I max/D, when diffusion dominates, the effective growth rate
does not depend on the angle #, and the spectra should be
isotropic. Moreover, in this case the instability ceases, in
accordance with the results by Nishikawa and Ryutov
[1976]. As I',ax/D increases, an anisotropy of wave spectra
becomes apparent, and when a threshold value of this ratio
is exceeded, regions in k-space appear with positive effec-
tive growth rate, and the instability develops. However,
even if the ratio I',. /D is as large as 20, the effective
growth rate of the instability is considerably smaller than
that without diffusion. The second characteristic of the
spectra are their angular width. As already mentioned
above, the spectra are quasi-isotropic for small ratios of
I max/D and become narrower for larger values of this ratio.
This statement is illustrated by Figure 1b, which shows the
dependence of the angular half-width of the spectra, Afg,.
The half-width is evaluated at the end of the simulation box,
X = Xmax, and is determined by W(xmax, O5in) = W(Xmax> 0)/2.

[25] When large-amplitude density fluctuations exist in
the plasma, the wave vector of the Langmuir wave packet
changes both in the direction and absolute value. Strictly
speaking, Equation (2) does not hold in this case and should
be replaced by a more general one. However, some quali-
tative aspects of the problem under consideration can be
studied with the use of (2), where spatial variations of the
growth rate are incorporated to take into account the effects
of moving the wave out from resonance with an electron
beam when the wave crosses a large-amplitude density
inhomogeneity.

[26] Let

I'(x,0) 176\ 1 /x — x0\2
T 0P eXp[z(Aa) }”ﬂz( ) |

(6)
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where Ax is a characteristic spatial scale of the inhomo-
geneity. The growth rate given by (6) takes positive values
in a vicinity of xo and forward direction of propagation,
while for large deviation from this direction and larger
distances from x, it approaches the same negative value.
The results of numerical simulations with this profile are
shown in Figure 2.

[27] It is easily seen that the width of the wave packet is
more narrow than that of the growth rate and that the
relative position of the maximum wave energy with respect
to the peak of the growth rate depends on the ratio I'y,../D —
compare panels (a) and (b) in Figure 2. In particular, the
shapes of wave packets are similar for different values of
Imax/D, but there exist some substantial distinctions (see
panel (c) in Figure 2, where shown are the packets after a
shift such that the maxima of the packets become coinci-
dent). In particular, for relatively small I',,,./D the packets
are considerably asymmetrical. With the increase in T',,,,/D,
the asymmetry vanishes, and, in addition, large parts of
ascending and descending halves of the pulse become
approximately exponential.

3. Numerical Modeling of Wave Propagation in
Unstable Plasma With Inhomogeneities

[28] To study statistical properties of small-amplitude
waves in randomly inhomogeneous plasmas, when nonlinear
effects can be neglected, consider the following boundary
value problem for Equation (2),

W|_o=Wo(0) for 0<0<n/2,

4 =0 for

NN /2 <0<

[20] Tt is assumed that for large x the instability ceases
and Langmuir waves damp. The growth rate I'(x, 6) is a
shot-noise-like function of x. More precisely, I'(x, 0) is a
superposition of impulses with random positions. The mean
number of impulses is chosen to be equal to 50 for all runs,
but the exact number is random and follows the Poisson
distribution. The impulses have the same shape given by (6)
but different amplitudes, which are uniformly distributed
between zero and the maximum value corresponding to
Fmax/D = 15. The ratio of the total width of the region
occupied by large-amplitude inhomogeneities to the
impulse width, Ax, is equal to the mean number of impulses,
50. Thus in the case considered the inhomogeneities overlap.
However, for a given point there are only a few overlapping
impulses.

[30] To estimate the probability density function of wave
energy for given x > 0, we take the results of 10000 runs
with different profiles of the growth rate, where both the
number of impulses, their amplitudes and positions were
chosen randomly, in accordance with the corresponding
probability distributions.

[31] To describe the shape and other properties of the
distributions obtained in the simulations, it is convenient to
use a technique related to Pearson curves [Pearson, 1895].
This technique has three important advantages, i.e., it is
objective, can be easily automated, and provide final results
in a compact form [Hahn and Shapiro, 1967]. The
corresponding procedure includes the following stages.
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Figure 1. (a) The dependencies of normalized effective

growth rates R (see (3) for definition) on the ratio I',,./D
for the Gaussian profile of the growth rate I'(0) given by (5)
with A@ = 7/10. The black line shows the results for the
total spectral energy W, (see (4) for definition). Red, green
and blue lines represent the data derived for the spectral
energy densities W(#, x), where 6 = 0, 7/2, and m,
respectively. (b) The dependence of the final angle half-
width of the wave spectra on the ratio I';,,,/D.

From available data set, the first four moments are calcu-
lated. Assuming that these estimates are exact, an approx-
imation of empirical distribution can be found by
integrating a linear ordinary differential equation. The
obtained fit can then be compared with the actual data to
validate the results of fitting.
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[32] The system of Pearson’s curves describes wide
classes of distributions having one single extremum. All
of them are described by the differential equation

zZ—a

dp(z)
& bbb P

where a and b; are constants [Hahn and Shapiro, 1967,
Tikhonov, 1982; Podladchikova et al., 2003]. Thus these
distributions are fully described by 4 parameters, which can
be related to the mean and 3 moments about the mean, x,,
13, and 4. The shape of the distributions depend on 2
dimensionless parameters defined by

g=5, =4 (7)

These parameters characterize the asymmetry (skewness)
and the peakedness (kurtosis) of the distribution,
respectively.

[33] Pearson [1895] suggested a classification of distri-
butions with 12 classes, depending on parameters 3; and 3,.
The top panel in Figure 3 contains the 8, — (3, plane and
shows the regions for some classes, namely, for beta
distributions (region I), gamma distribution (line III), log-
normal distribution (line V), and others (region IV). The
normal distributions are represented by a single point 3, =0,
B> =3. Fore more details see, for example, Hahn and Shapiro
[1967], Tikhonov [1982], Podladchikova et al. [2003] and
references therein.

[34] The results deduced from numerical simulations are
shown on the diagram in Figure 3 (top and middle panels)
by a series of red circles. Each model data point is obtained
from 10000 values of logarithm of wave energy density,
log oW, at a fixed x. Different data points correspond to
different distances from the boundary x = 0, and as a
consequence, to a different mean number of growth rate
impulses, Niy,,, that the wave comes through. The error bars
in the middle panel of Figure 3 show the statistical scatter
for betas in the case of the null hypothesis that the logarithm
of wave energy density obeys a normal distribution.

[35] From Figure 3 we observe that as N, increases, the
data points approach the point representing normal distri-
butions (black cross in the top and middle panels), in
accordance with simple reasoning based on the central limit
theorem. However, in general the deviations from a normal
distribution are substantial, especially with respect to (3.

[36] These findings can be interpreted in the framework
of simple considerations outlined below.

[37] If then the wave diffusion is absent and the con-
ditions for WKB approximation are satisfied, the wave
energy density is given by

W(x) = W exp ( /0 I dx/).

In plasmas with small-amplitude fluctuations, which scatter
the waves, the growth rate for wave energy should be
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Figure 2. The results of numerical simulations of
instability with a single large-scale inhomogeneity. (a)
Spatial profiles of the ratio I'/D for # = 0 and different
values of I',,../D. (b) Spatial dependencies of normalized
wave energy densities obtained for I';,,,,/D = 10 (red line),
15 (green line) and 20 (blue line). (c) The profiles shown in
panel (b) after spatial shifts such that the maximums of the
curves coincide.

replaced by its effective value. If we suppose that the
effective growth rate resembles a shot noise,

Nimp
F(x) ZZFF(IZ,',X*X,'), (8)
i=0

where the shape of each impulse is described by the same
function depending on a parameter a;, the positions of the
impulses x; form a Poisson sequence, and a; are random and
independent, then, In(W/W,) is also a shot noise process of
the same form,

In(W /W) = iFw(a,-,x—x,-), ©)

i=0

where Fyfa, x) = [* . Fr(a, xX')dx'.
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[38] Finding the amplitude distribution of the shot noise
of the form (8), as well as for a more simple case of noise
composed of impulses with the same amplitude,

Nimp

I(x) =Y Fr(x—x), (10)
i=0

is very important both for theory and applications. Rice
[1944] addressed this problem with F(a, f) = aF(?), as well
as for shot noise (8), and obtained an expression for the
probability density function in the form of a Fourier
integral. Gilbert and Pollak [1960] argued that the Rice
solution can be easily evaluated only for nearly Gaussian
noise, when the impulse rate is large. In their turn, they
proved a theorem that finding the distribution for a noise
given by (8) can be reduced to the same problem for (10).
Then, for a shot noise given by (10) they obtained an integral
equation for amplitude distribution and presented several
examples when this equation can be solved analytically
[Gilbert and Pollak, 1960]. However, in a general case this
equation can be solved only with the use of numerical
methods. Gilbert and Pollak [1960] presented one example
of such calculations when the pulse shape is an exponentially
damped high-frequency sinusoid, exp(-f)sin(w ¢), ¢ > 0. They
found noticeable differences in the tails of the normal
distribution and calculated one, even for relatively high
impulse rate of 10 impulses per unit time. For smaller
impulse rates, the differences exist in the entire range of
amplitudes.

[39] In summary, the theory developed by Gilbert and
Pollak [1960] describes the way how the probability density
function of the shot noise can be calculated when the shapes
of the impulses are known together with statistical proper-
ties such as the impulse rate, amplitude distribution etc. In a
general case, the application of this theory for interpretation
of experimental data requires a lot of numerical calculations.
On the other hand, when dealing with experiments, an
inverse problem of deriving the properties of impulses from
the noise observed may be even more interesting. That is
why it is desirable to find other approaches that are easy to
use and provide information that is not so detailed. One of
such approaches, as was already mentioned above, is related
to the first four moments of the distribution and Pearson
curves.

[40] For simplicity assume that the domain occupied by
random inhomogeneities is surrounded by the regions with
I' = 0, the shape for the effective growth rate within each
inhomogeneity can be described by a finitely supported
function, which vanishes outside a bounded interval, and
there are no inhomogeneities in a vicinity of the point,
where the measurements were performed. Then, from (9) it
follows that In(W/W;) can be represented as a sum of
independent terms with the same statistical properties, in
particular, with the same mean and variance. It follows from
the central limit theorem that the distribution of this sum
approaches the normal one as the number of terms
increases. In the exceptional case of normally distributed
terms the sum of any number of terms always follows the
normal distribution. However, in general, the form of the
distribution of the sum depends considerably on the details
of term distributions provided the number of terms is not so
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large. The skewness and curtosis of the sum is determined
by the corresponding statistical properties of the terms.
Without loss of generality, we can suppose that the mean
values of each term are equal to zero. If this is not the case,
the problem of convergence appears only for infinite
regions, while for finite regions simple redefinitions of the
variables are sufficient to reduce the problem to what
follows.

l
1
Impossible area
|
@y |
L
L
= — Il
v
@ %
5
|

o
=
-

KRASNOSELSKIKH ET AL.: BEAM-PLASMA INTERACTION

A10109

[41] Let

n
W= E Wi,
i=1

where W is the normalized wave intensity and w; is the
contribution of the ith impulse. Obviously,

M, = ny, and Mz = njus,

where M, 5 are the second and third central moments for W.
From simple combinatorial considerations it follows that

My = npiy + 3n(n — 1) 123
Hence, Pearson’s betas for W, which are introduced by

M3 M
Bi=1i :
2
(cp. with (7)), are related to the corresponding parameters of
a single impulse by

B

- 5
n n

3
and B, =3 ——+
n

[42] Tt is easily seen that the skewness B vanishes and B,
approaches 3 as the number of impulses increases, in
accordance with the central limit theorem.

[43] To analyze this tendency in more detail, it is conve-
nient to use parameters

g =M;/My* =B/,

g2=M4/M§*3=BQ*3,

which are closely related to Pearson betas and are also
widely used as estimates of skewness and kurtosis,
respectively.

Figure 3. (a) The diagram for various types of Pearson
distributions, together with the results of numerical simula-
tions (red circles) and experimental data (green and blue
crosses correspond to Pearson parameters calculated
directly from measurements and from the best fit of the
Pearson class IV distribution). The regions corresponding to
different distribution classes are denoted by roman numbers.
A black cross corresponds to the normal distribution. (b) A
small part of previous diagram. For several points shown
also are the effective numbers of regions with the positive
growth rate, Njy,. A black cross corresponds to normal
distribution. (c) Dependence of G (red line) and G, (green
line) on the effective number of regions (impulses) with the
positive growth rate. For normal distributions G; and G,
should vanish; horizontal lines show the corresponding
thresholds for deviations to be statistically significant.
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[44] For small samples, the unbiased estimates of these
parameters are given by (see, e.g., [Lvovski, 1988])

n(n—1
Glzi( 2 )gl»

n—

n—1

* -9

(n+1)g +6],

with the corresponding mean square deviations

_ 6n(n—1)
S6 = \/(n—z)(n+1)(n+3)’

g ¢ 24n(n —1)*
N =3 —2)n+3)n+5)

which are useful when performing a simple test to evaluate
an assumption for a distribution to be normal. For normal
distributions the following conditions are satisfied [Lvovski,
1988]:

‘G1‘<3SG]7 |G2|<5SG2- (11)

[45] From the data set that was obtained in numerical
simulations and was already used in the plot of 3, versus [3;
shown in Figure 3, we calculate the dependencies of
statistics G; and G, on the mean number of peaks in the
growth rate. These dependencies are shown in the bottom
panel of Figure 3, together with the corresponding thresh-
olds in criteria (11). It is easily seen that for the chosen
profiles of the growth rate almost everywhere the distribu-
tion of log oW differs significantly from the normal one, but
the difference becomes insignificant for Ny, as large as
45-50.

[46] With allowance made for statistical scatter of 3,
estimates, the data points lie in the region corresponding
to type IV distributions (see the middle panel in Figure 3).
Additional analysis shows that the corresponding fits based
on estimates of moments pass the x> goodness-of-fit test
described in the following section.

[47] It follows from these results that the conditions for
applicability of the limiting form of pure stochastic growth
theory [Robinson, 1992, 1995; Robinson et al., 1993a,
1993b] could be rather severe, at least in the Earth’s
foreshock where an estimate for the typical value of the
number of growth rate fluctuations is slightly higher than
~10 [Cairns and Robinson, 1997].

4. Analysis of Experimental Data and Discussion

[48] In this section, we present an analysis of Langmuir
wave amplitudes measured by the WBD instrument aboard
the CLUSTER spacecraft on 17 February 2002. The instru-
ment was described by Gurnett et al. [1997]. The available
experimental data are band-limited waveforms of electric
field, the frequency range is 1-77 kHz and a sampling
frequency is equal to 220 kHz. WBD instrument captures
waveforms in the form of 10 millisecond snapshots taken
every 80 milliseconds.
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[49] The electric antenna is positioned in the spin plane of
a rotating spacecraft therefore the measured electric field
corresponds to a projection of the electric field vector to the
direction of the antenna. Assuming that the electrostatic
waves are longitudinally polarized and propagate approxi-
mately along the ambient magnetic field, the observed
amplitudes are corrected by dividing them by a cosine of
the angle between the antenna and the magnetic field.

[s50] Between 8:20 and 9:22 UT the spacecraft were
located not far from the electron foreshock boundary, where
unusually intense Langmuir waves (|E| > 40 mV/m) were
observed. Deeper in the foreshock, the amplitudes
decreased to more typical values, below a few mV/m, and
during the time interval from 9:25 to 10:13 UT the mea-
sured wave amplitude seems to be approximately stationary,
both the mean and variance of the observed amplitudes
being relatively constant throughout the whole period
considered. Cairns and Robinson [1999] argued that both
the average and standard deviation of log W have power law
dependencies on the distance Dy which is measured down-
stream from the magnetic field tangent line, parallel to the
Earth-Sun line, and often called DIFF. Boshuizen et al.
[2001] showed that aggregating data over a large range of
Dy leads to power law distributions for log W. To estimate
the variations of D; we use the formulas by Cairns et al.
[1997], both for foreshock coordinates and parameters that
determine the shock’s standoff distance and the perpendicular
scale of the shock; the data for magnetic field and solar
wind ram pressure at the bow shock nose were provided by
CDAWEeb facility with the 1-min time resolution (the OMNI
data set). Although the distributions obtained for the interval
09:25-10:13 UT of approximate stationarity does not have
a power law tail, for further analysis we choose a shorter
interval, 9:25-9:47 UT, where D,does not change consider-
ably and lies within the range 1.6—4.1 R.

[51] During this later interval the WBD instrument was
operating on three of the four spacecraft. We only used data
from CLUSTER 1 and 3, because on these two spacecraft
the instrument was set into an automatic gain control mode,
when the gain of the receiver is adjusted in accordance with
previously observed amplitudes. On CLUSTER 4 the gain
of the receiver was fixed to its lowest value (i.e., all gain
amplifiers were removed from the measurement chain), and
the data from this mode are not suitable for our analysis due
to the limited range of amplitudes that can be measured
reliably.

[52] To estimate the probability distribution of wave
energies, we built a statistical ensemble from the mean
values of |E|* in each of the 10 ms snapshots, where E is the
corrected value of the electric field. From this ensemble we
removed the snapshots where the data were strongly influ-
enced by instrumental effects (WHISPER sounder interfer-
ence, receiver saturation, or strong digitization noise). We
also omitted all observations where the angle between the
antenna and the magnetic field was larger than 75°. For the
chosen subinterval of the event under consideration (from
9:25 to 9:47 UT) this procedure yields a statistical ensemble
of 10027 values.

[53] To evaluate to what extent the data correspond to
proposed probability distributions, we first built a histogram
of the energies from the statistical ensemble described
above using N, = 30 logarithmically spaced bins. The
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goodness of fit of each distribution is then evaluated
using the \* statistical test [Bendat and Piersol, 2000]. Let
f(og W) denote the theoretical probability distribution of
logarithm of wave energy, W; the centers of the bins, /; the
numbers of observations in each bin, and N = >, the total
number of observations. The test is based on the observation
that if the data follow a given distribution f{log W), then the
normalized error of fit

Z [Nf (log W;) — hi)’

Nf (log W;) (12)
is a random variable with a y? distribution with the number
of degrees of freedom given by v = N, — N, — 1, where N,
is the number of free parameters in the ﬁtted functlon We
can thus use this quantity to test the hypothesis that the data
are distributed according to a predicted distribution function
by comparing the value of X* to a percentage point of the x>
distribution, Xlz,,a, at a chosen significance level a.

[54] In Figure 4, we compare the goodness of fit for a
normal distribution and a Pearson type IV distribution in
log W. The distribution function shown by a red line is a
maximum likelihood fit of a normal distribution to the
histogram of logarithms of wave energies. The green curve
shows the fit of the Pearson type IV distribution whose
parameters were calculated using the moment technique
outlined by Hahn and Shapiro [1967]. In this approach we
first calculated the first four moments of the distribution,
my,. .., my, from the time series and substituted the moments
into a general formula for a type IV distribution [Zikhonov,
1982; see also Podladchikova et al., 2003]. Formulas (7)
then give us the corresponding values of Pearson parameters
B1 = 0.025 and B, = 3.13 whose significance will be
discussed later in this section. The blue curve in Figure 4
represents a fit of the Pearson type IV distribution with
parameters obtamed by maximum likelihood fitting. Here
we consider the X? error function (12) for a specific case of
the type IV distribution and for a histogram built from the
experimental data. As the type IV distribution has five
degrees of freedom, we find the best fit values of the five
unknown parameters by nonlinear minimization of this error
function [Press et al., 1992]. The resulting distribution
minimizes the error functlon and therefore provides by
definition the best fit with respect to the \” test. Pearson
parameters corresponding to this fitted distribution are 3, =
0.041 and (3, = 3.228.

[55] From the plots shown in Figure 4 it is clear that the
type IV distribution ﬁts the data significantly better than the
normal one and the X* values corresponding to these 3 fits
(66.44, 26.69 and 20.88 respectively) confirm this. To
emphasize the differences between the distributions both
on the tails and near their peaks, logarithmic and linear
scales for probabilities are used. It is easily seen that the
type IV distribution are better than normal one throughout
the whole wave energy range. The value of the cumulative
distribution function C =1 — Prob[x2 < X*], quantifying the
likelihood that the data under consideration follow the
respective theoretical distribution, is relatively small (C =
2.15 - 10°) for the normal distribution and we can thus
reject the null hypothesis that the measured log W obeys a
normal distribution, at a significance level higher than
99.99%. On the other hand, for the two fits of type IV
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distribution, C equals 0.32 for the moment technique fit
(green curve) and C = 0.65 for the maximum likelihood fit
(blue curve). The statistical hypothesis that the wave energy
follows the type IV distribution therefore cannot be rejected
even at a significance level of 75%.

[56] One can come to the same conclusion with the use of
a simple approach outlined in the previous section. For the
data under consideration formulas (7) yield Pearson param-
eters 1 = 0.025 and (3, = 3.13. The corresponding data
point is shown on the Pearson diagram in Figure 3 by a
green cross. The distance to the point corresponding to
normal distributions is rather large, thereby assuming that
the distribution of wave energy is not lognormal. Indeed, in
this case we have also G; = 0.16, G, = 0.13, S5, = 0.02 and
Sg> = 0.05. For the first parameter the ratio of its absolute
value to the corresponding standard deviation is higher than
6, while for the second one is equal to 2.7. Thus the first test
or normality in (11) fails. Now using the maximum likeli-
hood fit for a type IV distribution, we find G, = 0.20, G, =
0.23, G{/Sg1 = 8.2, and G,/S;z, = 4.7. The corresponding
data point is shown on the Pearson diagram in Figure 3 by a
blue cross. With this fit, the violation of the first criterion in
(11) is more significant while the second criterion is not far
from being violated. Hence the hypotheses that the distri-
bution under consideration is normal should obviously be
rejected. An inequality G| > 0 means that the distribution is
asymmetrical, with the left tail being less pronounced as
compared with the right one, which corresponds to relatively
large wave amplitudes.

[57] The distribution for log W could be normal under the
conditions of applicability of stochastic growth theory,
where it was assumed that the number of fluctuations in
growth rate during a characteristic wave residence time is
large enough for the central limit theorem to hold. However,
from the results outlined in the previous section it follows
that the conditions for applicability of this theory could be
rather severe. Thus we can argue that the observed distri-
bution is not normal because the central limit theorem fails
for the event considered. If this is the case, then the
empirical distribution should depend on a lot of different
factors like the effective number of inhomogeneities, their
shape etc. These distributions cannot be fit by a normal one
because the latter is too simple and depends only on
2 parameters, the mean and variance. To obtain an adequate
fit, one should take into consideration more complicated
distributions. The classification based on Pearson curves
depending on 4 parameters seems to be appropriate for
analysis of such data.

[58] Unfortunately, the WBD measurements are per-
formed rather sparsely and this hampers finding events
suitable for more studies. Nevertheless, another Cluster
experiment, WHISPER, provides the measurements of
electric field spectra with much larger coverage. The prob-
lem of testing the predictions of SGT theory as well as of
appropriateness of Pearson classification of Langmuir wave
spectra in the Earth’s foreshock with the Whisper data will
be addressed in future studies.

5. Conclusions

[59] A numerical model of wave propagation in unstable
plasma with inhomogeneities was developed. This model
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Figure 4. Probability density function (PDF) for the logarithm of Langmuir wave energy density for the
period 9:25-9:47 UT on February 17, 2002, when CLUSTER spacecraft was within the Earth’s electron
foreshock (black crosses). The red line shows the maximum likelihood fit of a normal distribution. The
green and blue lines correspond to fits of Pearson type IV distribution. The fit shown by the blue line was
obtained by the maximum likelihood method, while for another fit shown by the green line the
parameters were calculated from the estimates of moments for empirical distribution. Logarithmic (a) and
linear (b) scales for PDF's are used, to show the differences between the distributions both on the tails and

near their peaks.

describes the linear interaction of Langmuir wave packets
with an electron beam in randomly inhomogeneous plasma.
Two effects were taken into account, i.e., angular diffusion
of the wave vector on small-amplitude density fluctuations
and suppression of instability caused by the removal of the
wave from the resonance with particles during crossing of
density perturbations of relatively large amplitude.

[60] Using this model, we studied the spatial evolution of
the wave packet shape in plasmas with a beam and the
results obtained were used to model a shot-noise-like
stochastic process composed of such packets. To analyze
both numerical and experimental data, a Pearson technique
was used to determine the type of spectral density distribu-
tions. It was shown that both experimental and model
distributions for the logarithm of wave energy belong to a
Pearson type IV rather than to a normal one as was
previously stated by Robinson [1995] [see also Cairns
and Robinson, 1997 and references therein]. Robinson’s
conclusion was derived from the central limit theorem
applied to logarithms of wave energy. We suggest that the
main reason for formation of more complicated distributions
than the normal one is that the effective number of regions
where the waves grow is not very large and, as a conse-
quence, the central limit theorem fails to be true under the
typical conditions for the Earth’s electron foreshock. In this
case the statistical properties of the wave energy distribu-
tions depend on a lot of different details, in particular, on the
shapes of the growth rate profiles, the effective number of
regions with positive growth rate etc. To analyze the
deviations of the observed distributions for log W from
the normal one, it is convenient to use Pearson’s classifica-
tion of distributions. It is worth pointing out that the
characteristics of the distributions such as the higher order
moments together with the angular width can be used to
evaluate the relative role of the angular diffusion due to
small-amplitude density fluctuations and characteristic

number of growth/damping regions along the wave path if
these two effects are dominant. The corresponding tech-
nique is suitable for distributions with one extremum. It is
based on estimates of the first four moments of empirical
distributions and seems to have an optimal flexibility for
describing space experimental data. On the contrary, the
normal distribution depends only on two parameters, mean
and variance, and it is appropriate under the restrictive
condition that the central limit theorem applies.

[61] For large amplitudes, it is suggested that power law
tails can result from variations of wave amplitudes due to
changes of group velocity in the inhomogeneous plasma, in
particular due to reflection of waves from inhomogeneities.
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Abstract

We present the results of a statistical study of Langmuir waves observed by the Cluster spacecraft in the Earth’s electron foreshock. To
classify the probability density distributions of the logarithms of the wave energies, a Pearson technique is used. We show that
experimental distributions can be better approximated, in a statistical sense, by Beta distribution or Pearson Type IV distribution rather
than by a normal distribution predicted by the stochastic growth theory. This conclusion agrees with the results of numerical simulations
that were previously performed with the use of a model for Langmuir wave propagation in unstable plasma with random
inhomogeneities. The main reason for deviations of empirical distributions from a normal distribution is probably related to the effective
number of regions, where the waves grow, which is not sufficiently large for the central limit theorem to be applicable under typical
conditions in the Earth’s electron foreshock. For two of seven events such deviations may be partially attributed to the effects of thermal

Langmuir waves.
© 2007 Published by Elsevier Ltd.

PACS: 94.20.wf; 94.20.Bb; 94.20.wj

Keywords: Langmuir waves; Electron foreshock; Density inhomogeneities; Probability density functions; Beam-plasma instability

1. Introduction

The electrostatic waves near the local plasma frequency
in the solar wind upstream of the Earth’s bow shock were
first reported by Fredricks et al. (1968). Scarf et al. (1971)
interpreted these bursts of plasma wave activity as
Langmuir waves generated by beam—plasma instability of
energetic electron fluxes streaming away from the bow
shock front upstream to the solar wind. From this time on,
the plasma waves in the solar wind were extensively
studied, specifically, in connection with the problem of type
III solar radio burst generation and as a fundamental
problem of beam—plasma interaction.

*Corresponding author. LPCE/CNRS-Universite d’Orléans, 3A, Ave-
nue de la Recherche Scientifique, 45071 Orleans, Cedex 2, France.
E-mail address: musatenko(@cnrs-orleans.fr (K. Musatenko).

0032-0633/$ - see front matter © 2007 Published by Elsevier Ltd.
doi:10.1016/j.pss.2007.05.025

Gurnett et al. (1978) found the first convincing experi-
mental evidence that type III solar radio bursts were
associated with Langmuir waves. These waves consisted of
short but intense narrow band spikes. Sometimes their
duration was comparable with the time resolution of the
instrument (50 ms) and the ratio of maximum intensity to
the average value was about 100-1000 (Gurnett et al.,
1978). Further detailed statistical analysis of electrostatic
waves in the electron foreshock showed that electrostatic
waves were also bursty with a typical burst duration of
15-40 ms (Etcheto and Faucheux, 1984).

Later experimental and theoretical studies (Smith, 1977,
Cairns et al., 1998) showed that strong nonlinear phenom-
ena like solitons or collapse are not common in the solar
wind plasma at 1 AU and they are not responsible for the
bursty nature of Langmuir waves. Smith and Sime (1979)
hypothesized that the origin of wave clumping is related to
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plasma inhomogeneities which can locally suppress the
plasma—beam instability. The observations of the large-
scale electron density fluctuations in the solar wind gave
strong argument in favor of this interpretation. Unti et al.
(1973) presented the first direct measurements of particle
flux fluctuations in the solar wind; the measurements were
performed aboard OGO 5, and the frequency range was
0.0048-13.3Hz. The most of the measured spectra,
converted from flux to density, can be approximated by a
single power law, while the other spectra had a more
complicated shape with a flattened region in the range from
0.1 to 0.5Hz. Celnikier et al. (1983, 1987) reported the
density fluctuations spectra derived from the results of the
ISEE propagation experiment. They found that the spectra
have a fracture at ~0.1 Hz and can be fitted by a spectrum
with two power-law components with different slopes.
Celnikier et al. (1987) concluded that the main contribution
to the fluctuation level comes from the frequencies above
the fracture; upon the integration over the range 4-16 Hz,
which is of particular interest for the problem considered,
they found that the mean relative fluctuation level, An/n,
varies between 0.03 and 0.07 with a mean value of about
0.04. Such rather large density inhomogeneities can
efficiently scatter Langmuir waves, thereby dramatically
affecting their growth rate (Celnikier et al., 1987).

Robinson (1995) and Cairns and Robinson (1997)
suggested that the effect of density inhomogeneities can
be described as random fluctuations of the wave growth
rate and developed a stochastic growth theory (SGT). The
main result of the SGT is based on the assumption that the
effective number of the growth rate fluctuations is large
enough for the central limit theorem to hold. In this case, if
the wave amplitudes are neither large nor small to ensure
that both nonlinear and thermal effects are negligible, the
distribution of the logarithm of wave energy density should
be normal. Robinson et al. (1993) chose three type I1I radio
sources registered aboard ISEE 3 spacecraft on 8 February,
17 February, and 11 March 1979 and analyzed Langmuir
waves associated with these events. They found a good
agreement between the predictions of simplified SGT,
without nonlinear and thermal effects, and the measure-
ments for moderate wave amplitudes. For relatively large
fields, >3—7mV/m, there exists a fall-off, which was
attributed to three-wave decay of Langmuir waves into
product Langmuir and ion-sound waves (Robinson et al.,
1993).

The first test of SGT for Langmuir waves in the Earth’s
electron foreshock was performed by Cairns and Robinson
(1997). They analyzed the 1977 December 1 event observed
aboard ISEE 1 and found that both near the foreshock
edge and deeper in the foreshock the distributions for wave
amplitudes are log-normal provided the corresponding
time intervals are not too large, while the distribution for
entire event, which lasts 1hr40min and includes the
intervals with both small and large mean wave intensities,
seems to have a power-law tail (Cairns and Robinson,
1997). Later, Cairns et al. (2000) studied two different

fragments of the event mentioned above. They argue that
the interpretation of the distributions observed both in the
solar wind and at the edge of the foreshock should take
into account the thermal waves. In addition, the power-law
tails of the distributions observed at the foreshock edge for
large wave intensities could be described by SGT without
spatial averaging of different log-normal distributions
(Cairns et al., 2000). Analogous power-law tails were also
found by Bale et al. (1997) who performed statistical study
of intense (E>0.5V/m) Langmuir waves observed within
the terrestrial foreshock during six days and attributed
these tails to the effect of spatial averaging. Krasnoselskikh
et al. (2007) argued that the power-law tails could partially
result from evolution of wave amplitude due to plasma
density variations along the wave path. If such variations
are sufficiently large, the plasma inhomogeneities can
reflect Langmuir waves, and in the vicinity of reflection
points the wave amplitudes increase considerably.

Recently, Sigsbee et al. (2004a,b) presented a statistical
study of the foreshock Langmuir waves measured by
Cluster WBD instrument. They studied the 2002 February
17 and 2002 March 26 events and found no considerable
deviations from the log-normal distribution of wave
amplitudes, in accordance with the predictions of simplified
SGT. In particular, even for rather large wave amplitudes,
up to 10 mV/m, they do not observe any fall-off that could
result from nonlinear effects.

Recent measurements performed aboard Cluster satel-
lites within the Earth’s electron foreshock revealed
significant discrepancies with the theoretical predictions
of the simplified stochastic growth theory, in particular, the
measured probability distributions of the logarithm of
wave energy were found to belong to Pearson Type IV
rather than to normal distribution (Krasnoselskikh et al.,
2007).

Several years of measurements performed by Cluster
instruments now provide a unique opportunity for
extensive statistical studies of Langmuir waves both in
the solar wind and within the electron foreshock. The main
aim of this paper is to perform a statistical analysis of
Langmuir wave energy density distributions observed by
WHISPER instrument in the terrestrial foreshock under
different conditions, to compare the observed distributions
with the predictions of simplified SGT, and to “quantify”
the discrepancies between them.

The remainder of the paper is organized as follows:
Section 2 describes experimental data, the methods of their
processing, and the results obtained. Section 3 contains a
discussion of the main results, together with different
reasons for SGT to fail. The main conclusions of the paper
are summarized in Section 4.

2. Analysis of experimental data in the electron foreshock
The data analyzed in the present study were obtained by

the WHISPER experiment aboard CLUSTER spacecraft.
In passive mode, WHISPER gives a survey of the electric
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field natural emissions in the 2-80kHz frequency range
(Décréau et al., 1997). Each spectrum is obtained by a fast
Fourier transform of electric field measurements with
subsequent onboard averaging. For the events under study
each spectrum transmitted on ground is the onboard
average of 16 or 8 successive spectra. The time interval
between two successive measurements is 2.13s in the
normal mode of operation and can be decreased to 0.32s
in the burst mode.

For a detailed analysis, we have chosen several events
when the spacecraft were in the electron foreshock for a
relatively long time, Langmuir wave activity could be
considered as stationary, and there were no significant
variations of the magnetic field. Tests for stationarity were
performed by analyzing a behavior of mean and variance
for logarithm of wave energy density. We also preferred
data obtained in spacecraft burst mode with a higher
sampling rate, in order to have more data for a statistical
treatment. Table 1 contains the list of all events chosen for
the present study.

The left-hand side of Fig. 1 presents the spectrograms for
two typical events that were observed on 14 February 2005
and | February 2003. In the spectrum diagrams in a
vicinity of the electron plasma frequency there is a quite
narrow peak corresponding to Langmuir waves, this peak
is clearly seen for all events under study. For the 2005
February 14 event, plasma wave activity seems to be
extraordinarily stationary and, in addition, the spacecraft
were in the burst mode. Thus this event is perfectly suitable
for our study. Both events shown in Fig. 1 will be used in
the following for a detailed description of data processing
procedure.

The effective amplitude of electric field oscillations, FE,
can be estimated from WHISPER spectrum by its
integration over the frequency range where the waves are
observed,

E=—
Letr

/. 1/2
/f F() df] , (1)

1

where I is the effective length of the antenna, F(f) is the
oscillation spectrum measured in Vs Hz /2, fandf, are
the minimum and maximum frequencies that determine the

width of the Langmuir wave band. The WHISPER
instrument uses a double-probe dipole antenna positioned
in the spin plane of the rotating satellite, with a tip-to-tip
length of 88 m. In our calculations, we assume the effective
length of the antenna to be equal to 53 m, in accordance
with the theoretical calculations performed by Beghin et al.
(2005) for typical terrestrial foreshock conditions. For each
event, the limits of integration in (1) are determined from
the spectrum obtained by averaging WHISPER spectra
over the entire time interval corresponding to this event.
Once being determined, the limits /|, and f, are further
used for the integration of each spectrum of the event to
obtain a set of electric field values. For the two events
mentioned above, the averaged spectra are shown in right
panel of Fig. 1. The frequencies /|, and f, are located
symmetrically with respect to frequency corresponding to
peak in the averaged spectrum, and for / = f, the averaged
spectral density is smaller as compared with its maximum
value by a factor of 0.7.

The electric field values estimated from the WHISPER
spectra correspond to the projections of the electric field
vector onto the antenna direction. If we assume that the
Langmuir waves propagate along the ambient magnetic
field lines, then the real field intensity is E. = E/cos a,
where o is the angle between the magnetic field and
antenna. The angle « was calculated with the use of 4 s spin
resolution magnetic field data measured by FGM instru-
ment (Balogh et al., 1997). In our study we did not take
into account the measurements with angle values in the
range 78° <a < 102° because for such angles cos « is rather
small and the corrected values of the electric field cannot be
considered trustworthy (see, e.g., Sigsbee et al., 2004a). In
addition, to exclude the possible influence of instrumental
nonlinear distortions of the signal on the estimated
distributions, we omitted the data points out of the
receiver’s amplifier dynamical range.

The present statistical study is based on estimates of
probability density functions (PDFs) for log(W), where
W = |E.|? is proportional to the wave energy density. To
find the best approximation to the experimental PDF’s, we
have applied an approach that was suggested by Pearson
(1895). This approach allows us to find the Pearson curve
that gives the best fit to the experimental data distribution.

Table 1
Parameters of the events under study
Date, time (UT) N? At (s)° Event duration (min) Spe (kHZ)

1 17 February 2002, 09:25-10:13 3742 2.134 38 29.13

2 01 February 2003, 21:25-24:00 10590 2.133 180 16.44

3 03 March 2003, 17:08-17:23 6543 0.32 15 35.97

4 14 February 2005, 15:57-16:27 9181 0.64 30 23.86

5 28 February 2005, 01:13-01:31 7066 0.32 18 19.69

6 28 February 2005, 01:39-01:53 7627 0.32 14 21.32

7 28 February 2005, 01:45-01:52 4017 0.32 7 21.32

4N is the total number of the measurements that were used for statistical study.

At is the interval between two successive spectra.
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Fig. 1. Frequency—time spectrograms obtained by the WHISPER instrument in the Earth’s electron foreshock on 14 February 2005 and 1 February 2003
(from top to bottom). The electric field strength is expressed in Vs Hz~'/2, the signal level is color coded and plotted in dB over 1077 Vs Hz~ /2. The
corresponding color scales are shown on the right of the spectrograms. Right panel contains the spectra averaged over the entire time interval.

Pearson distributions belong to the family of curves f =
f(x) defined by the equation:

%:% )
dx by + bix + byx2’

where a, by, by, and b, are four real numbers (Kendall and
Stuart, 1969). The well-known normal, exponential,
Cauchy, Student, log-normal, Beta and Gamma distribu-
tions belong to the Pearson family. In the general case,
distributions satisfying (2) have one extremum at x = a,
while their shapes depend on the positions of two zeros of
the denominator in the right-hand side of (2). Obviously,
these zeros are determined by the ratios by/b, and by /b;.
Thus these distributions are fully described by four para-
meters, which can be related to mean and three moments
about the mean, p,, u;, and u4, while their shapes depend
on two parameters only. To classify the curves, Pearson
proposed to introduce two dimensionless parameters:

Parameter f3; is a squared skewness and f, is equal to a
kurtosis plus 3. They characterize the peakedness and the
asymmetry of the distribution, respectively.

Generally speaking, there exist two approaches to
distribution classification. First, the Pearson betas can be
estimated immediately from the experimental data set.
Second, one can find several fits of experimental data and
then choose the best one. The last approach requires more
calculations, but it is obviously more robust and it is this
approach that is used in the present study.

For each event, we calculated three different fits for
f(log(|E;|?)), namely, corresponding to the Pearson Type
IV distribution,

f(X)=c(X?+ A2)1/2l72 exp (— i arctan K), 3)

Ab, A
where X =x+b/2b, B=>bi(1+1/2by), and
A% = by/by — b? /4b3, Beta-distribution,

() = clx — x119 |x — x|, (4)

where g = (by — x1)/ba(x2 — x1), h = (x2 — b1)/b2(x2 — Xx1),
and normal distribution,

2
exp <— %bo) . ®)

To choose the curve giving the best approximation to the
experimental data, we used the chi-squared goodness-of-fit
test (Bendat and Piersol, 2000). The energy range was
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divided on Ny = 30 bins that were spaced logarithmically,
with not less then 10 data points in each bin. If f(log W) is
the presumable probability distribution for the wave
energy logarithm, then the test statistics

Yo [Nf(log W,) — hi]?

2 _
= 2 N log )

(6)

i=1

is a normalized error of fit by this distribution. Here W; are
the centers of bins, /; are the numbers of the observations
in each bin, and N =) /; is the total number of the
observations. The random variable given by (6) is known
to have yi-distribution with k = Ny — N, — 1 degrees of
freedom, where N, is the number of free parameters in the
theoretical distribution. The deviation of data from
expected values causes X? to increase, consequently its
high values signify that the observed data are in contra-
diction with the assumed model. If the test value X? is
greater then the percentage point X%ga of X%-distribution, the
hypothesis that observed data follow an expected distribu-
tion f(log W) should be rejected at the chosen level of
significance, o.

We perform the nonlinear minimization of the X2 error
(6) and thereby obtain maximum likelihood fit (Press et al.,
1992) for functions (3)—(5). The fits obtained are the best
ones in the sense that they correspond to the minimum
possible value of the X error for each given distribution.

Fig. 2 shows the results of fitting for two events under
consideration. It is easily seen that the Beta and Type IV
distributions fit the data significantly better than the
normal distribution does. Indeed, for the 2005 February
14 event the X?-errors for Beta and Type IV distributions
(31.80 and 32.19, respectively) are approximately equal,
while for normal distribution the error is considerably
larger (49.43). These errors correspond to significance
levels 0.868, 0.878, and 0.996, respectively. Thus the
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hypothesis that the logarithm of wave energy follows the
normal distribution should be rejected at very high
significance level, while the significance levels for other
distributions are considerably smaller. For the event
occurred on 1 February 2003 the smallest error, which is
equal to 41.72, corresponds to Type IV distribution, while
the error for normal distributions is larger by a factor of
3.6, and the significance level for deviations from normal
distribution is very close to unity.

The results of the statistical study for all events are
summarized in Table 2. It is seen that the observed
distributions are always better fitted by either Beta or Type
IV distributions rather than by a normal distribution. For
the 2002 February 17 event (No.l) the hypothesis of
normally distributed data can be rejected at very high
significance level, while the hypothesis that these data are
described by Beta or Type IV distribution cannot be
rejected even at 50% significance level. The 2003 February
1 (No.2) and 2005 February 28 (No.5) events obviously
belong to Type IV, while for all others the differences
between Beta and Type IV fits are small and probably
insignificant.

3. Discussion

As it follows from the SGT, the probability distribution
for the logarithm of Langmuir wave energy density is
supposed to be normal (Robinson, 1995). This result is a
direct consequence of the assumptions that the Langmuir
wave packet crosses many density fluctuations with a
different effective growth/damping rate, the logarithm of
the wave energy is a sum of efficient gains corresponding to
the inhomogeneities, and the Central Limit Theorem is
valid for this sum. However, Table 2 clearly shows that for
all chosen events, which can be considered as typical for the
Earth’s electron foreshock, the fit of logarithm of wave
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Fig. 2. Probability density function for logarithm of energy density of Langmuir waves observed (a) during 21:25-24:00 UT on 1 February 2003 and (b)
during 15:57-16:27 UT on 14 February 2005, when CLUSTER spacecraft were within the Earth’s electron foreshock (black crosses). The red line shows
the maximum likelihood fit by normal distribution. The green and blue lines correspond to fits of Beta distribution and Pearson Type IV distribution,

respectively.
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Table 2
Results of data fitting

K. Musatenko et al. | Planetary and Space Science 55 (2007) 2273-2280

Date X? error Significance level o Type of the best fit
Beta Type IV normal Beta Type IV normal
1 17 February 2002 24.00 22.42 49.12 0.538 0.446 0.996 Type IV
2 01 February 2003 91.96 41.72 149.81 1.000 0.986 1.000 Type IV
3 03 March 2003 38.64 36.70 77.85 0.970 0.953 1.000 Type IV
4 14 February 2005 31.80 32.19 49.43 0.868 0.878 0.996 Beta
5 28 February 2005 82.52 62.55 68.16 1.000 1.000 1.000 Type IV
6 28 February 2005 89.27 95.38 186.18 1.000 1.000 1.000 Beta
7 28 February 2005 36.89 35.12 91.50 0.955 0.933 1.000 Type IV

energy by normal distribution gives worse results then the
fits by Beta or Type IV distribution.

It is easy to understand why normal distribution in
general can give worse fits than Beta or Type IV
distributions. Having only two free parameters (mean
and variance), the normal distribution is not flexible
enough to adequately take into account all possible
features of the PDF (e.g., asymmetry and -curtosis),
whereas Pearson Type IV and Beta distribution, having
four free parameters, represent a more general model. In
other words, the shape of normal distribution is fixed,
while the shape of Pearson curve depends on two
parameters and can be changed. From experimental data
outlined above it follows that in the Earth’s foreshock
region the use of normal distribution is not sufficient for
describing statistical properties of plasma wave oscillations
and one should consider more complicated distributions.

There exist several reasons why the SGT can fail.

First, Krasnoselskikh et al. (2007) argue that the plasma
inhomogeneities encountered by the wave packet influence
the wave amplitude not only due to the variations of
efficient growth rate but due to variations of the group
velocity as well. Indeed, in the approximation of geome-
trical optics, we have vgrE2 = const, where E is the wave
amplitude and vy, is its group velocity. From the dispersion
relation for Langmuir waves it follows that vg, o< k, where
k is the wavenumber. Thus the wave amplitude is
proportional to k~'/2. On the other hand, the probability
to observe the wave packet within a given segment its
trajectory is inversely proportional to the group velocity,
P(x) x vg_rl, where x is a coordinate measured along the
wave packet trajectory. Let x = 0 be the point of reflection.
The wavenumber k vanishes at x = 0. Assume that in a
sufficiently large vicinity of this point k o< x!/2. After a
simple and straightforward calculations we get a power-law
distribution of wave amplitudes, P(E) o« E~* (see the paper
by Krasnoselskikh et al., 2007 for details). Obviously, this
mechanism can change considerably the large-amplitude
tail of the distribution P(F). However, for the events
studied in the present paper the wave amplitudes are small
and we found no evidence for the power-law tails.

The second reason is related to nonlinear effects, such as
Langmuir wave decay into a backward-propagating

Langmuir wave and an ion acoustic wave, which limit the
growth rate. These effects form a rather sharp fall-off or
cutoff at the large-amplitude tail of the distribution (see,
e.g., Robinson et al., 1993; Robinson, 1995). In the cases
under consideration the maximum wave amplitude is well
below the theoretical nonlinear threshold (a few mV/m)
estimated by Robinson et al. (1993) for typical plasma
parameters in the Earth’s foreshock. In addition, an
inspection of our distributions did not reveal the features
like fall-off or cutoff. Hence the nonlinear effects should be
negligible for the events selected.

The third reason is related to the thermal waves that
could be important in the solar wind, where the amplitudes
of Langmuir waves are small, as well as at the edge of the
Earth’s electron foreshock (Cairns et al., 2000). To
determine whether the thermal waves could influence the
distributions under study, we estimated the thermal level of
Langmuir waves from

2 kpTe

SOEth ~ m ,

where Ey, is the rms thermal field strength, Ap is the
electron Debye length, and it is assumed that the largest
wavenumber at which Landau damping cuts the spectrum
is kmax = 1/Ap. The plasma temperatures are taken from
the 5-min spacecraft-interspersed data set at the bow shock
nose (OMNI data set), these data were provided by
CDAWeb facility. It was found that for the most of the
events the thermal waves amplitudes are much smaller than
the minimum amplitude deduced from measurements. But
for event No.3 (3 March 2003) and No.4 (14 February
2005) the effect of thermal waves could be important
because the estimated |Ew|> are not far from the
corresponding maxima of the distributions (within a factor
of ~8—10). On the other hand, even for these events
Langmuir waves are obviously driven by the plasma—beam
instability because the distributions observed are quite
symmetric while the distribution for wave energy of pure
thermal waves contains a power-law part for low ampli-
tudes and an exponential tail for large amplitudes
(Robinson, 1995) thereby producing highly asymmetric
distributions for logarithms of wave energy.
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The forth reason for discrepancies of observations from
the predictions of simplified SGT is concerned with the
conditions for Central Limit Theorem to hold. Indeed,
recalling that the total energy gain G = log(W /W), where
W = const, can be written as a sum of the gains where
each term in the sum corresponds to a growth rate
fluctuation encountered by the Langmuir wave packet.
Cairns and Robinson (1997) assume that a typical number
of growth rate fluctuations is slightly higher than ~10 in
the Earth’s foreshock. In general, this number seems to be
not large enough to “smear out” the statistical properties
of the terms in the sum, and the normal distribution is not
achieved yet for the sum. Numerical simulations of the
Langmuir wave spectral energy density evolution for a
different number of growth rate fluctuations encountered
by the wave packet (Krasnoselskikh et al., 2007) show that
if the fluctuation number is not very large, the type of the
best fit will depend not only on the fluctuation number, but
also on their spatial form. In numerical modeling with a
Gaussian-like shape of fluctuations, it was found that the
point representing probability density distribution for wave
energy logarithm on (f,, f,) Pearson plane does approach
the point (0,3) corresponding to normal distributions as
the number of growth rate fluctuations increases. For the
chosen form of the growth rate fluctuations the distribution
becomes indistinguishable from normal one when the
number of fluctuations exceeds a value Ny =45-50
(Krasnoselskikh et al., 2007). For smaller number of
fluctuations the model distributions belong to Type IV
and show significant deviations from the normal one. Thus
the threshold value of N¢ for applicability of stochastic
growth rate theory seems to be understated by Cairns and
Robinson (1997). Moreover, if their estimate of Ny is
correct, the simplified SGT is not applicable under typical
conditions in the Earth’s electron foreshock, in accordance
with the experimental results described in the previous
section and by Krasnoselskikh et al. (2007).

4. Conclusions

In the present paper we performed a statistical study of
Langmuir waves energy densities deduced from Whisper
measurements aboard Cluster spacecraft when they were in
the Earth’s electron foreshock region. Upon examination
of several years of observations, seven events were chosen
for detailed analysis (see Table 1). These events were taken
from different years of observations, they have different
duration and average electric field strength, thus we can
suggest these events to be quite typical for electron
foreshock. For each event we have built the probability
density functions (PDFs) of the logarithm of wave energy.
To find the best approximation to the PDF’s obtained, we
have applied the Pearson curves approach. Three different
fits are compared, namely: fit by normal distribution,
which is predicted by stochastic growth rate theory
(Robinson, 1995), Beta distribution, and Pearson Type
IV distribution. In the Pearson (f;, f,) plane, the normal

distribution is represented by a single point (0, 3), while
Beta distribution and Pearson Type IV distribution
correspond to domains adjacent to this point. The quality
of the fits was estimated using the chi-squared goodness-of-
fit test. It was found that the best fit for chosen events gives
either Type IV or Beta distribution rather then normal one
(see Table 2 for details). This gives a strong evidence that
the simplified stochastic growth theory is not applicable for
typical Earth foreshock conditions. Most probably, the
assumption that the Langmuir wave packet passes through
a sufficiently large amount of the growth rate fluctuations
fails to be true. This conclusion is in good agreement with
the recent results of numerical simulations of Langmuir
wave propagation in a plasma with random inhomogene-
ities (Krasnoselskikh et al., 2007). If the number of growth
rate fluctuations is about 10, Cairns and Robinson (1997)
estimate of a typical value for the electron foreshock, the
distributions obtained in the simulations had significant
deviations from the normal one.

For two events that were observed on 3 March 2003
and 14 February 2005 the deviations from the predic-
tions of simplified stochastic growth theory could be
partially attributed to the influence of thermal Langmuir
waves.

Therefore, to describe the distribution of the logarithm
of Langmuir wave energy in the Earth’s electron foreshock
properly, it is necessary to use more complex PDFs, i.e.,
the Pearson Type IV and Beta distributions, because of
their greater flexibility as compared with the normal
distribution.
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Abstract. A new method for remote sensing of the quasiper-
pendicular part of the bow shock surface is presented. The
method is based on analysis of high frequency electric
field fluctuations corresponding to Langmuir, upshifted, and
downshifted oscillations in the electron foreshock. Lang-
muir waves usually have maximum intensity at the upstream
boundary of this region. All these waves are generated by
energetic electrons accelerated by quasiperpendicular zone
of the shock front. Nonstationary behavior of the shock, in
particular due to rippling, should result in modulation of en-
ergetic electron fluxes, thereby giving rise to variations of
Langmuir waves intensity. For upshifted and downshifted
oscillations, the variations of both intensity and central fre-
quency can be observed. For the present study, WHISPER
measurements of electric field spectra obtained aboard Clus-
ter spacecraft are used to choose 48 crossings of the electron
foreshock boundary with dominating Langmuir waves and
to perform for the first time a statistical analysis of nonsta-
tionary behavior of quasiperpendicular zone of the Earth’s
bow shock. Analysis of hidden periodicities in plasma wave
energy reveals shock front nonstationarity in the frequency
range 0.33 fp;<f<fpi, where fp; is the proton gyrofre-
quency upstream of the shock, and shows that the probability
to observe such a nonstationarity increases with Mach num-
ber. The profiles observed aboard different spacecraft and
the dominating frequencies of the periodicities are usually
different. Hence nonstationarity and/or rippling seem to be
rather irregular both in space and time rather than resembling
a quasiregular wave propagating on the shock surface.

Keywords. Space plasma physics (Nonlinear phenomena;
Shock waves; Waves and instabilities)
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1 Introduction

The problem of shock front nonstationarity is of fundamen-
tal importance for collisionless shock physics because it is
closely related to two main questions of this field of plasma
physics, namely, (1) the dependence of shock front struc-
ture on upstream plasma parameters and shock velocity; (2)
acceleration of particles up to high energies (Kennel et al.,
1985). However, although this problem was raised in the
very beginning of collisionless shock physics, after more
than four decades of research it is far from being well un-
derstood, most probably due to formidable difficulties of the
experimental and theoretical analysis. A brief summary of
the state of art can be found in the papers by Krasnoselskikh
et al. (2002) and Lobzin et al. (2007), as well as in recent
reviews (Hellinger, 2003; Lembege et al., 2004; Bale et al.,
2005).

Up to the present time the information about different as-
pects of shock front nonstationarity was obtained first of
all in numerical modeling. The “macroscopic” nonstation-
ary phenomena, which are related to low-frequency motions
with large spatial scales, can be subdivided in two cate-
gories, i.e. one-dimensional and multidimensional nonsta-
tionarity. A phenomenon can be considered as intrinsically
one-dimensional if it can be observed in a planar geometry.
However, in a more realistic geometry this phenomenon can
produce large-scale multidimensional patterns, but there can
exist quite large regions of the shock front where the profiles
of different physical parameters measured across the shock
are very similar at the same time. One-dimensional phe-
nomena like, for example, shock front nonstationarity and
reformation were studied numerically for the first time by
Biskamp and Welter (1972). On the other hand, there can
exist essentially multi-dimensional effects like the so-called
shock front rippling. In the present literature the term “rip-
pling” is used to denote at least two phenomena that can be
essentially different. In particular, Winske and Quest (1988)
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as well as Lowe and Burgess (2003) assume that rippling
means wave-like ion-scale features moving along the shock
surface, while the features observed in the simulations per-
formed by Thomas (1989) seem to be rather irregular. Prob-
ably it is worth to introduce for the latter phenomenon the
term “wrinkling” while retaining the term “rippling” for the
former one. There exists a possibility of combination of ref-
ormation with rippling or wrinkling, i.e. the reformation may
proceed as a wave propagating on the shock surface or form
a rather irregular pattern. A shock front instability found in
the simulations by Burgess and Scholer (2007) can probably
result in such kind of reformation. In the following we will
focus first of all on rippling and wrinkling.

Shock front rippling was observed for the first time by
Winske and Quest (1988) in two-dimensional hybrid simu-
lations, where the wave-like disturbances were clearly seen
both in the magnetic field and plasma density. These struc-
tures move along the shock surface with a speed of 0.3 V4
and have a characteristic scale of about 5c/w); and a fre-
quency of 0.4 wp;, where V4 is the Alfvén velocity, c is the
speed of light, w; is the proton plasma frequency, and wp; is
the proton gyrofrequency (unless otherwise stated, all char-
acteristic velocities and scales are calculated with upstream
plasma parameters). Disturbances with similar scales were
also found by Thomas (1989) in two- and three-dimensional
simulations. He focused on dimensionality effects on am-
plitudes of disturbances and did not analyze their motion.
It is worth noting, however, that disturbances observed by
Thomas (1989) seem to be more chaotic than those seen by
Winske and Quest (1988), and the randomness is consider-
ably higher in the three-dimensional case than in the two-
dimensional one.

Later Burgess (2006) performed a simulation of rippling
to analyze the problems of interpretation of multipoint obser-
vations. However, for such a complicated problem a single
case study cannot be considered as definite evidence favor-
ing shock front rippling. In addition, a lot of questions still
remain open. In particular, can the wrinkling and/or rippling
be considered as a typical feature and how do they depend on
plasma and shock parameters?

Up to now there are only a few experimental studies con-
cerning shock front nonstationarity both in space and labora-
tory plasmas.

The first unambiguous evidence of the shock wave non-
stationarity was obtained by Morse et al. (1972) in labora-
tory experiments with a plasma-wind-tunnel device. They
revealed that the high-Mach-number shock wave oscillates
with a frequency comparable to the upstream ion gyrofre-
quency.

Vaisberg et al. (1984) reported low frequency oscillations
of the ion flux in the Earth’s bow shock. Bagenal et al. (1987)
observed a similar phenomenon in the Uranian bow shock.
The manifestation of the shock front nonstationarity in the
ion distribution function was also discussed by Krasnosel-
skikh et al. (1990).

Ann. Geophys., 26, 2899-2910, 2008

Galeev et al. (1988a, b) presented the results of anal-
ysis of the magnetic field measurements performed on-
board Prognoz-8 and Prognoz-10 for several crossings of
the Earth’s bow shock and discussed the role of nonlinear
whistler waves in the shock front nonstationarity. Later Kras-
nosel’skikh et al. (1991) and Balikhin et al. (1997) analyzed
observations of Prognoz-10 and AMPTE spacecraft and con-
firmed that the main low frequency oscillations found in the
shock front are whistlers. The amplitude of these waves is
large and cannot be explained as a result of an instability
driven by reflected ions, rather, they can be considered as
an intrinsic element of the shock front structure generated
by the processes of the nonlinear macrodynamic of the front
(Galeev et al., 1988a; Krasnosel’skikh et al., 1991; Walker et
al., 1999a).

Walker et al. (1999b) presented observations of a
quasiperpendicular shock encountered by APMTE-UKS and
AMPTE-IRM with quite different profiles for the two space-
craft and interpreted these observations as a result of shock
front nonsationarity. With the use of Cluster data, Horbury
et al. (2001) found examples of some aspects of shock non-
stationarity, where the amplitude of magnetic field fluctua-
tions attains ~10nT, making profiles considerably different
for different spacecraft. Horbury et al. (2001) argue that these
fluctuations stop before the ramp and do not appear to disrupt
the shock structure; on the other hand, they don’t reject the
possibility that the fluctuations may be signatures of the un-
steady shock reformation. The first convincing experimental
evidence in favor of shock front reformation was presented
by Lobzin et al. (2007).

Moullard et al. (2006) were the first who probably ob-
served another aspect of shock front nonstationarity — rip-
pling. They analyzed a single event when during ~1 h time
interval Cluster spacecraft “touched” the bow shock and than
crossed it twice during ~10min. This shock is almost per-
pendicular, high-beta, and high-Mach-number, with the fast
mode Mach number My=11. Moullard et al. (2006) ar-
gue that the observed oscillations of the magnetic field and
plasma density within the front can be interpreted as a wave
moving along the shock surface. The velocity of this wave
seems to make an acute angle (<40°) with the upstream mag-
netic field and varies within the range from 2 to 4 V44 (80—
160 km/s), where V44 is the downstream Alfvén velocity.
The wavelength estimated by Moullard et al. (2006) is 1000—
2000 km.

Up to the present time, the information concerning differ-
ent aspects of shock front nonstationarity was obtained first
of all in numerical modeling, which allows one to follow the
temporal evolution and spatial structure of the shock wave
with an arbitrary resolution.

A serious limitation of space experiments is that the spatial
resolution is always limited to spacecraft separation, which
could be too large for deducing any information about the
fields in between. For example, the spacecraft separation
varies in the range 100—10 000 km for Cluster mission, while

www.ann-geophys.net/26/2899/2008/



V. V. Lobzin et al.: Nonstationarity and rippling of the bow shock 2901

the thickness of a typical quasiperpendicular shock is about
600 km. However, when spacecraft are in the electron fore-
shock, there exists an indirect method for remote sensing of
the bow shock surface during relatively long time intervals
(see Lobzin et al., 2003, and the details in the following).
This method is based on analysis of high-frequency electric
field fluctuations corresponding to Langmuir, upshifted, and
downshifted waves. These waves are generated by superther-
mal electrons that were reflected from the bow shock and
propagate in the sunward direction along the magnetic field
lines (e.g. Filbert and Kellogg, 1979; Lacombe et al., 1985;
Lobzin et al., 2005, and references therein). The deforma-
tion of the shock front should lead to significant changes of
these fluxes, which in their turn result in changes of observed
electric field spectra.

In the present paper we use the above-mentioned method
for remote shock front sensing and present the results of sta-
tistical study of hidden periodicities in the measured Lang-
muir wave energies. The main aim of the paper is to study
spatio-temporal characteristics of shock front nonstationarity
and the search of experimental evidence favoring shock front
rippling and/or wrinkling. This aim is accomplished by de-
scribing the data selection and analysis procedure (Sect. 2),
interpreting and discussing the results (Sect. 3), and then giv-
ing the conclusions (Sect. 4).

2 Data selection and analysis procedure

The direct observation of shock front rippling and/or wrin-
kling onboard spacecraft is rather difficult, because a typical
time of bow shock crossing is a few ion gyroperiods and is
comparable or even less than the expected characteristic time
scale of rippling, and the coherence length for this process
can be less than the distance between the satellites, thereby
making useless the multi-spacecraft methods for separations
of spatial and temporal variations. To find convincing exper-
imental evidence of shock front rippling or wrinkling, it is
desirable to follow the shock evolution during relatively long
time intervals, much longer than the ion gyroperiod. Fortu-
nately, when spacecraft are in the electron foreshock, there
exists a possibility for remote sensing of the quasiperpen-
dicular region of bow shock surface during relatively long
time intervals (Lobzin et al., 2003). To this end, one can an-
alyze high-frequency electric field fluctuations correspond-
ing to Langmuir, upshifted, and downshifted waves. These
waves are generated by suprathermal electron fluxes, which
are reflected from the bow shock front and move approxi-
mately along the magnetic field lines (see, e.g. Filbert and
Kellogg, 1979; Lacombe et al., 1985; Lobzin et al., 2005,
and references therein). Any deformation of the shock front
should lead to significant changes of these fluxes, which in
their turn result in changes of observed electric field spectra.

Indeed, from the theory of energization of electrons by
shock waves it follows that the key parameters of the dis-

www.ann-geophys.net/26/2899/2008/

tribution function of reflected electrons depend strongly on
the angle between the shock normal and the upstream mag-
netic field, 6 p, (Leroy and Mangeney, 1984; Wu, 1984). In
particular, for typical parameters of the Earth bow shock, the
average energy per electron increases from ~4 T, to ~50 T,
within relatively narrow range of angles, from 83° to 88°,
while the relative number density drops from 11% to 0.3%
and becomes negligible for angles larger than 89° (Leroy
and Mangeney, 1984). Thus energetic electrons that are re-
sponsible for the generation of intense plasma waves in the
electron foreshock come from a relatively small region of
the bow shock, near the point of tangency of the solar wind
magnetic field. Any nonstationarity of the shock in this re-
gion will result in nonstationary behavior of Langmuir waves
in the vicinity of foreshock boundary. In particular, even
if the shock nonstationarity is moderate, a strong modula-
tion of Langmuir wave intensity is expected to be observed
due to sharp dependence of electron beam parameters on the
O p,. On the other hand, Lowe and Burgess (2003) argue
that the amplitude of rippling increases as 6 p, approaches
90°, thereby favoring the modulation of electron fluxes and
Langmuir waves. Numerical studies of the electron energiza-
tion in the time-dependent electromagnetic fields typical for
the Earth’s bow shock show that the modulation can be very
strong, i.e. upstream of the re-forming shock energetic elec-
tron bursts can be formed cyclically rather than resemble a
continuous electron beam (Yuan et al., 2007). It is also worth
noting that, in accordance both with the theory and simu-
lations, shock front nonstationarity not related to rippling
and/or wrinkling should be observed both for perpendicular
and quasiperpendicular shocks in the wide range of 6 p,, pro-
vided that Mach number is high enough (e.g. Krasnoselskikh
et al., 2002; Hellinger, 2003; Lembege et al., 2004, and ref-
erences therein).

Thus, although spacecraft rarely cross the perpendicular
zone of the Earth’s bow shock, crossing of the electron fore-
shock boundary occurs much more frequently and intense
Langmuir waves in the vicinity of this boundary do provide
a convenient tool for remote sensing of this portion of the
shock surface. The most favorable situation takes place when
the solar wind is quiet and the frequencies of downshifted
oscillations are well below the plasma frequency because in
this case one can study both the wave intensities, separately
for each mode, and variations of their frequencies.

The experimental data considered in this study were ob-
tained aboard Cluster spacecraft by the WHISPER instru-
ment between January and early May 2001. During this time
period the four Cluster spacecraft crossed the Earth’s bow
shock many times and made numerous observations of the
foreshock wave activity.

The WHISPER instrument was described by Décréau et
al. (1997). This instrument is an element of Wave Experi-
ment Consortium (WEC) presented by Pedersen et al. (1997).
In the passive mode of operation WHISPER provides the cal-
culated onboard electric field spectra of natural emissions in
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Table 1. The list of the events and their duration.

No Date Time, UT (h:m:s)  Duration for
Scl, min
1 3 Jan 2001 01:22:14-01:24:06 1.86
2 3 Jan 2001 03:40:21-03:43:33 3.19
3 5 Jan 2001 22:00:04-22:01:58 1.90
4 6 Jan 2001 00:42:23-00:46:13 3.83
5 7 Jan 2001 23:37:45-23:40:37 2.86
6 15Jan 2001  03:19:30-03:22:01 2.51
7 17 Jan 2001  08:19:01-08:21:49 2.79
8 20 Jan 2001  00:31:32-00:33:34 2.02
9 20 Jan 2001  00:39:14-00:42:06 2.76
10 20Jan2001  18:53:29-18:56:57 3.45
11 297Jan2001  02:42:10-02:46:10 3.92
12 31Jan2001  12:21:23-12:22:48 1.41
13 31Jan2001  12:31:35-12:34:12 2.61
14 31Jan2001  15:44:39-15:46:42 2.05
15 31Jan2001  17:12:09-17:15:33 3.40
16 3 Feb2001 13:29:47-13:30:58 1.17
17 10 Feb 2001  03:30:28-03:33:28 2.98
18 12 Feb2001 08:18:57-08:21:48 2.84
19 13 Feb2001 01:13:52-01:16:54 3.01
20 14 Feb2001  17:54:51-17:57:43 2.86
21 21 Feb2001 19:06:18-19:09:03 2.74
22 21Feb2001 21:35:37-21:37:33 1.93
23 22 Feb2001 23:33:26-23:36:48 3.36
24 23 Feb2001 00:38:12-00:41:36 3.39
25 28 Feb2001 21:30:06-21:34:58 4.84
26  7Mar2001  01:06:02-01:08:52 2.83
27 13 Mar2001  10:13:19-10:17:28 4.15
28 17 Mar 2001  19:29:40-19:31:09 1.44
29 17 Mar 2001  22:15:04-22:17:12 2.13
30  18Mar2001 01:41:57-01:45:32 3.58
31 19Mar2001 19:09:13-19:10:59 1.75
32 20Mar2001 00:23:58-00:25:40 1.69
33 20Mar 2001  05:20:49-05:23:36 2.78
34 22Mar2001 09:15:08-09:18:00 2.85
35 24Mar2001 14:35:57-14:37:46 1.82
36 24 Mar2001 19:11:48-19:13:46 1.96
37  27Mar2001 08:24:12-08:26:23 2.18
38 28 Mar2001 05:24:08-05:26:00 1.85
39  29Mar2001 08:25:49-08:27:35 1.76
40 2 Apr2001  02:12:14-02:15:13 2.98
41 2 Apr2001  03:16:05-03:18:30 2.39
42 5 Apr2001 16:34:38-16:37:30 2.86
43 5Apr2001  21:36:29-21:38:38 2.15
44 10 Apr2001  14:52:16-14:54:37 2.34
45 15 Apr2001  18:55:06-19:00:00 4.89
46 22 Apr2001  10:04:33-10:06:47 2.17
47 29 Apr2001  13:41:12-13:43:22 2.16
48 2 May 2001  06:23:23-06:26:17 2.89

the 2-80kHz frequency range and the total signal energy,
Epow, calculated from the accumulated squared samples. The
FFT technique is used to obtain the spectra. Both the elec-
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tric field power and spectra are available onboard each 13 ms.
However, due to telemetry limitations only averaged values
of these parameters are transmitted on-ground. For the spec-
tra, the time resolutions achieved are 2.15s in the normal
telemetry mode and 0.32s in the burst mode. For Epqy pa-
rameters, the corresponding time resolutions are 213 ms and
13 ms, respectively (Décréau et al., 1997). Further details
on different operational modes of WEC and WHISPER are
described elsewhere (Pedersen et al., 1997; Décréau et al.,
1997; Woolliscroft et al., 1997).

We chose 48 crossings of the foreshock boundary with
dominating Langmuir waves and tried to find periodicities
in the variations of their intensities.

From the results of numerical modeling performed by
Winske and Quest (1988) it follows that the wavelength of
wrinkles is ~5 c/w,;, with the frequency of rippling being
0.4 fp;. For the average solar wind magnetic field and den-
sity, B=6nT and N,=6.5cm™>, the proton gyrofrequency
equals ~0.1 Hz, the proton gyroperiod is 11s, and the pro-
ton inertial scale is c/wp;=90km. Thus we expect that
the characteristic temporal and spatial scales of the wrin-
kles are about 25 s (the corresponding frequency is 0.04 Hz)
and 500 km, respectively. For the time period considered,
the Cluster spacecraft separation is within the range 190—
1700 km, smaller or comparable to the wavelength of ripples
observed in the numerical modeling by Winske and Quest
(1988).

To detect periodicities that are possibly related to rippling
and wrinkling, it is desirable to have time intervals contain-
ing more or about 4 rippling/wrinkling periods. On the other
hand, the intervals should be short enough in order to avoid
large changes of wave intensity due to approaching the fore-
shock boundary or moving away from it. Thus time intervals
of 1.5-2 min seem to be optimal for the problem under con-
sideration. The list of intervals with their durations is pre-
sented in Table 1.

For each event we estimated the corresponding proton gy-
rofrequency, solar wind Alfvén Mach number, as well as the
proxies for shock Alfvén, sound, and fast Mach numbers.
The proton density, plasma temperature, solar wind speed,
and magnetic field, which were required for the estimation,
were taken from the 1-min spacecraft-interspersed data set
at 1 AU (OMNI data set provided by CDAWeb facility) and
averaged over time intervals corresponding to the events un-
der study. For simplicity, the formulas for Alfvén and sound
speeds assume a constant 4% alpha particle contribution and
constant electron temperature, 7,=1.28 x 10° K. In particular,
Alfvén and sound speeds are given by

B
Va = ,
vV wo(4ng + np)mp
and

2k(Te + Tp)
Ve= [T
(4ng +np)ymp
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Fig. 1. Histograms of proxies for Alfvén and fast Mach numbers
characterizing quasiperpendicular shocks related to the selected
crossings of the foreshock boundary.

respectively (o is the permeability of free space and k is the
Boltzmann constant). The fast mode velocity is calculated
for waves propagating at the right angle to the ambient mag-
netic field,

Vi=\ VitV

To calculate the proxies for the shock Mach numbers, the so-
lar wind velocities were decomposed into two components,
parallel and perpendicular to the solar wind magnetic field,
and the perpendicular components were used. The obtained
estimates of the solar wind Alfvén Mach numbers and the
proxies of the shock Mach numbers are summarized in Ta-
ble 2. It is worth noting that on average the proxies should
overestimate the corresponding Mach numbers because we
take projections of the plasma speed onto the magnetic field
rather than onto the shock normal. Nevertheless a strong cor-
relation should exist between the Mach numbers and such
proxies, thereby allowing one to use the proxies in statistical
studies. On the other hand, an accurate estimation of shock
normals is rather difficult and their use would introduce ad-
ditional errors, especially in the cases when the observations
are performed far from the bow shock surface. For brevity,
in the following discussion of experimental results we will
speak about Mach numbers rather than their proxies.

From Table 2, it is clearly seen that the data set contains
events related both to weak and strong shocks, with Alfvén
and fast Mach numbers varying in the ranges 2.7-23.2 and
2.2-10.7, respectively. The histograms for Mach number
proxies are shown in Fig. 1. It is worth noting that for the
most of the events, 30 of 48, the Alfvén Mach number ex-
ceeds the value of 5.7 that was used in the simulations of
Lowe and Burgess (2003). Fourteen events have an Alfvén
Mach number higher than 8, which is the value used by
Winske and Quest (1988) in their simulations. For 6 events,
the Alfvén Mach number exceeds 13, the value used in the
simulations by Thomas (1989).

Because the measured wave energies Epoy may vary over
a broad range within the same event, the spectral analysis
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Fig. 2. (a) Frequency-time spectrograms obtained by the WHISPER
instrument aboard Scl in the Earth’s electron foreshock on 29 April
2001 (event 47). The electric field strength in Vims Hz~ /2 is color
coded and plotted in dB over 1077 Vs Hz~ /2. The correspond-
ing color scale is shown on the right of the spectrogram. (b) Profiles
for logo(Epow) measured aboard all four spacecraft upon sliding
averaging over 4 s time intervals. Red, green, blue, and black lines
correspond to Scl, Sc2, Sc3, and Sc4, respectively. To ease the
comparison, the curves showing the measurements aboard Sc2, Sc3,
and Sc4 are shifted upward by 1, 2, and 3, respectively. (c¢) Profiles
for logyo(Epow) measured aboard Scl. Strong modulation due to
spacecraft spin is easily seen.

was performed for their logarithms, logio(Epow). Moreover,
to avoid spectral artifacts due to spikes and trends, the tempo-
ral series of logjo(Epow) Were clipped at the levels of £3 o,
where o is the standard deviation of logio(£Epow), and linear
trends were removed (if any).

All the events under consideration contain gaps (missing
data). During the time intervals corresponding to the gaps,
WHISPER worked in active (sounding) mode and the infor-
mation about natural wave activity is not available. The du-
ration of each gap is comparable to the period of spacecraft
spin and much longer than the typical interval between two
successive measurements of wave energies outside the gaps.
It is well-known that different techniques of filling data gaps
(e.g. by zeros or interpolated values) may work rather poorly
and often result in spurious peaks corresponding to periods
comparable to gaps. Fortunately, Lomb (1976) developed
a method of spectral analysis without such shortcomings.
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Table 2. Parameters of the shocks related to the events studied.

Solar  Shock Mach number proxies =~ Upstream proton

wind gyrofrequency,
No  Alfvén Alfvén sound fast fBi,Hz
Mach
number

1 14.0 12.0 5.9 5.3 0.113
2 6.7 4.9 5.0 35 0.171
3 7.8 7.7 9.3 59 0.083
4 6.8 6.6 8.6 52 0.102
5 6.6 5.5 6.2 4.1 0.104
6 6.8 5.7 6.2 4.2 0.076
7 6.8 5.5 5.5 39 0.128
8 15.6 15.6 7.0 6.4 0.061
9 15.7 15.6 7.0 6.4 0.059
10 8.4 8.3 6.6 5.2 0.094
11 4.7 44 6.6 3.7 0.223
12 6.8 6.4 6.1 4.4 0.172
13 7.2 7.2 6.4 4.8 0.166
14 8.7 5.5 42 33 0.143
15 8.9 8.0 6.0 4.8 0.125
16 9.2 9.1 7.4 5.7 0.059
17 8.8 7.4 6.6 49 0.087
18 9.3 9.1 7.5 5.8 0.082
19 5.7 3.9 5.2 3.1 0.143
20 6.7 6.2 6.3 4.4 0.101
21 8.1 7.8 7.1 52 0.077
22 7.4 4.4 3.6 2.8 0.074
23 7.2 6.3 6.7 4.6 0.090
24 7.2 7.1 6.7 49 0.083
25 8.3 3.7 2.8 22 0.096
26 20.8 19.4 7.7 7.2 0.037
27 44 4.0 6.1 33 0.123
28 5.1 42 49 32 0.109
29 5.8 5.6 6.4 4.2 0.103
30 10.3 10.0 6.6 5.5 0.074
31 6.2 5.9 8.8 4.9 0.222
32 3.8 38 10.2 3.6 0.214
33 2.8 2.7 9.2 2.6 0.259
34 6.4 6.3 6.0 43 0.136
35 253 232 8.2 7.7 0.056
36 10.0 8.9 7.2 5.6 0.170
37 4.5 43 6.5 3.6 0.070
38 4.8 4.7 10.2 4.2 0.092
39 20.4 10.2 53 4.7 0.058
40 18.9 18.9 13.0 10.7 0.053
41 13.8 134 12.7 9.2 0.061
42 8.2 6.9 7.9 5.2 0.103
43 8.8 7.3 6.6 4.9 0.110
44 8.6 3.7 6.0 32 0.065
45 10.0 9.9 10.0 7.0 0.058
46 3.9 38 8.1 35 0.226
47 8.1 6.5 10.2 5.5 0.090
48 7.3 7.2 8.3 5.4 0.103

This method was based in part on earlier works by Barn-
ing (1963) and Vanicek (1971) and was elaborated further
by Scargle (1982). They evaluate the spectra with the use
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of data that are actually measured, and, moreover, the mea-
surements can be unevenly sampled. An implementation of
Lomb’s method used in the present paper is developed by
Press et al. (1997). The maxima found in the Lomb normal-
ized periodograms are considered as corresponding to statis-
tically significant periodicities if their significance exceeds
0.05. The significance is estimated against a hypothesis of
random noise. Usually the spectra contain peaks in the vicin-
ity of 0.5 Hz and their harmonics. These peaks result from
rotation of spacecraft antennas with a period of ~4s. They
can be rather huge and bring down simple estimates of signif-
icance of other periodicities. Because of this, it is necessary
to filter such time series in order to eliminate the oscillations
resulting from spacecraft spin. The filtering is performed if
the spin peaks are significant in accordance with the chosen
criterion. To this end we use the harmonic filtering procedure
which was developed by Ferraz-Mello (1981).

3 Results and discussion

An example of Langmuir waves associated with a low-Mach-
number stationary shock is shown in Fig. 2. For this event the
electron foreshock boundary was crossed at 13:43:22 UT, at
the end of the time interval chosen for search of hidden peri-
odicities. In addition to the frequency-time spectrogram ob-
tained by the WHISPER instrument, shown are the profiles
for logo(Epow) measured aboard all 4 spacecraft and aver-
aged over 4 s time intervals equal to the satellite spin period,
as well as unaveraged data for spacecraft 1 (Scl). From the
frequency-time diagram it is easily seen that the wave activ-
ity is observed in a vicinity of local plasma frequency, both
upshifted and downshifted oscillations are absent. Hence,
the integrated signal energy can be attributed to Langmuir
waves.

The results of spectral analysis obtained with the tech-
niques outlined above are presented in Fig. 3. The peri-
odograms of logio(Epow) for this event reveal a high and
sharp peak at f=0.5Hz, which is twice the spacecraft spin
frequency. This modulation is also conspicuous in the un-
averaged profile of logio(Epow) (Fig. 2, bottom panel). Such
strong modulations of the wave energy are usually observed
when the waves are linearly polarized and the angle between
electric field vector and normal to the plane with antennas
is not too small. Langmuir waves not far from their ori-
gin should be polarized approximately along the solar wind
magnetic field, in the direction of propagation of energetic
electrons reflected by the bow shock. In the frequency range
of interest (0.33 fp; <f<fpi) the observed variations of the
wave energy is weak aboard all spacecraft but Sc3. However,
the absence of significant peaks in the vicinity of the peak
f=0.69 fp;, which is found for Sc3, most probably indicates
that this peak is spurious or caused by a local disturbance of
the solar wind. Larger peaks exist for low frequencies out-
side of the range of interest (0.33 f5; < f < fpi). These larger
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Fig. 3. Periodograms for wave energy densities measured at the foreshock boundary crossed by Cluster spacecraft on 29 April 2001
(event 47). Dashed lines correspond to the significance level of 0.05. Abscissas of triangles correspond to 0.33 fp;, 0.5 fBi, fBi> and
0.5 Hz. The frequency range of interest is located between the 1st and 3rd triangles, while the last one shows the position of peak resulting

from spacecraft spin.

peaks may correspond to turbulent changes in the direction
of the interplanetary magnetic field or the intrinsic burstiness
of the Langmuir waves predicted by Stochastic Growth The-
ory (e.g. Robinson, 1995; Cairns and Robinson, 1999; Kras-
noselskikh et al., 2007, and references therein).

The profiles for logio(Epow) measured at the boundary of
the electron foreshock associated with a high-Mach-number
shock (proxy for M4 is equal to 10.2) are shown in Fig. 4,
together with the periodogram for Scl. Within the chosen
time interval both upshifted and downshifted oscillations are
absent, as in the previous case, and the integrated signal en-
ergy can be attributed to Langmuir waves. The periodogram
contains a sharp peak at f=0.5Hz corresponding to effects
of spacecraft spin. In the frequency range 0.33 fp; <f<fBi
there is a high peak at f=0.03 Hz ( f/f5;=0.55). Such peaks
are also found both for Sc3 and Sc4, while for Sc2 the oscilla-
tions in this range are statistically insignificant. The results of
statistical studies outlined in the following allow one to sug-
gest that such oscillations are closely related to shock front
nonstationarity. However, a more careful analysis, which is
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beyond the scope of the present paper, is necessary to con-
firm or reject such hypothesis for each particular event. Nev-
ertheless this example can be considered as a quite typical
event associated with a high-Mach-number shock. We ob-
serve that profiles for logio(Epow) measured aboard differ-
ent spacecraft for this event do have similar features but also
substantial differences. If we recall that the distances be-
tween spacecraft (510—730 km) are smaller or comparable to
the expected spatial scale of rippling (~900 km), it follows
that such a rippling, if any, seems to be rather chaotic rather
than regular, both in space and time. This conclusion is con-
firmed by examination of similar plots for all chosen events
corresponding to high Mach numbers.

For all events listed in Table 1 we performed spectral anal-
ysis with the techniques outlined in the previous section.
The parameters characterizing periodicities in the frequency
range 0.33 fp;<f<fp; are presented in Table 3. It is eas-
ily seen from Table 3 that there exists a lot of events with
statistically significant periodicities. For several events the
periodicities observed by different spacecraft are the same
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Table 3. Periodicities found in the wave energies.

V. V. Lobzin et al.: Nonstationarity and rippling of the bow shock

Z
)

Frequency f (1072 Hz), ratio f/fp;, and significance?®

Scl Sc2 Sc3 Sc4
1 54 047 1.7 6.3 055 3.5 6.0 0.53 3.0 57 050 33
2 none none none none
3 35 042 32 41 049v3.8 41 049 2.1 38 046 4.1
4 41 040 3.2 44 043 8.7 none 45 044 33
5 7.0 067 96 6.8 0.65 11.8 6.8 065 9.8 6.8 0.65 2.5
6 42 055 93 42 055 139 49 0.64 85 49 064 5.0
7 48 037 2.7 n/a n/a n/a
8 25 041 24 25 042 14 25 042 25 25 042 1.6
9 3.0 051 52 none 3.0 051 26 none
10 47 0.50 2.0 45 048 3.1 45 048 32 45 048 29
11 none none none none
12 none n/a none none
13 none n/a none none
14 none n/a none n/a
15 59 047 1.6 n/a 3.1 053 33 n/a
16 none n/a 47 0.81 5.1 43 073 35
17 32 036 34 50 058 1.7 none none
18 none 6.9 084 1.5 none none
19 none none none none
20 none none 6.5 0.64 14 n/a
21 32 042 50 36 048 40 38 050 153 32 042 2.7
22 40 055 5.1 40 055 19 38 051 106 40 055 29
23 none 3.6 048 4.0 none 83 092 2.0
24 62 075 19 28 033 123 44 0.53 8.8 39 047 59
25 87 091 19 38 040 1.5 8.8 092 4.6 n/a
26 none 26 069 2.6 none none
27 50 040 1.7 50 040 22 none 6.8 055 1.6
28 58 053 23 57 052 1.9 45 041 24 n/a
29 44 043 7.1 42 041 6.5 42 041 6.8 n/a
30 n/a 43 058 8.0 31 042 14 n/a
31 none none none none
32 none none 8.9 041 2.7 none
33 none none none none
34 none 8.0 0.65 1.8 7.3 059 2.0 none
35 24 044 107 24 044 109 2.1 038 146 2.5 044 103
36 none 59 0.61 3.0 59 0.61 4.1 62 0.64 74
37 none none none none
38 none 8.7 048 19 none 6.6 036 14
39 32 055 48 none 32 055 52 32 055 34
40 22 042 37 1.9 035 102 23 043 5.6 24 046 24
41 35 057 22 35 057 3.7 35 057 22 35 057 32
42 45 043 52 47 045 9.1 51 049 5.1 53 051 29
43 6.0 0.54 3.1 52 047 20 49 045 33 49 045 29
44 none 57 088 2.7 n/a 57 0.88 1.8
45 none 25 043 2.0 n/a n/a
46 none none none none
47 none none 6.2 0.69 3.8 none
48 none none none none

The abbreviation “n/a” stands for absent data, while “none” means that no significant periodicity is found in the frequency range of interest.
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Fig. 4. (a) Profiles for logj (Epow) measured aboard all four Cluster spacecraft upon sliding averaging over 4 s time intervals. Measurements
were performed by the WHISPER instrument in the Earth’s electron foreshock on 29 March 2001 (event 39). Red, green, blue, and black
lines correspond to Scl, Sc2, Sc3, and Sc4, respectively. To ease the comparison, the curves showing the measurements aboard Sc2, Sc3,
and Sc4 are shifted upward by 2, 4, and 6, respectively. (b) Periodogram for wave energy density measured aboard Scl. The dashed line
shows the significance level of 0.05. The triangles have abscissas at 0.33 fg;, 0.5fp;, fBi, and 0.5 Hz. The frequency range of interest is
located between the 1st and 3rd triangles, while the last one shows the position of peak resulting from spacecraft spin.

or similar, while there is a number of events with different
periodicities.

Obviously the observed oscillations of Langmuir wave in-
tensities can be attributed both to the dynamics of the shock
front itself and to some other phenomena that may be not di-
rectly related to the bow shock, e.g. to modulation of plasma
and/or electron beam parameters by a MHD wave that was
generated elsewhere and encountered the electron foreshock
or the bow shock. Generally speaking, for any particular
event a periodicity found cannot confidently be ascribed to
shock front dynamics, first of all due to unavailability of si-
multaneous measurements in the vicinity of the shock front,
where the energetic electrons are produced, and at the fore-
shock boundary where intense Langmuir waves are observed.

As usual when one has to deal with a number of unmon-
itored factors, a statistical approach is required. In particu-
lar, for oscillations resulting from shock front dynamics one
can expect a correlation between shock Mach number and
the probability of observing such oscillations. On the other
hand, quite reliable estimates of shock Mach numbers asso-
ciated with given observations at the foreshock boundaries
cannot be obtained in the most of cases due to a number of
reasons. However, a proxy for the Alfvén Mach number can
easily be calculated from available data set by taking a pro-
jection of solar wind velocity onto the magnetic field at 1 AU,
as described in Sect. 2.

We analyzed the dependence of the fractions of stationary
and nonstationary shocks on the proxy for the shock Alfvén
Mach number and on the solar wind Alfvén Mach number
itself. The results obtained are shown in Fig. 5. Since the
number of events is not very large, especially for small and
large Mach numbers, for the points shown on the plots the
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Fig. 5. Dependence of percentage of stationary (green lines) and
nonstationary (red lines) shocks on the proxy of perpendicular
Alfvén Mach number (solid lines) and on the solar wind Alfvén
Mach number (dashed lines). To decrease statistical scattering, the
number of shocks is calculated for Mach number intervals of length
2 for each point shown on the plots.

numbers of shocks are calculated for Mach number intervals
of length 2, with the abscissas of the points corresponding to
the centers of the intervals. It follows from the plots that the
probability for the shock to be stationary in this frequency
range decreases as the Alfvén Mach number increases, as
would be expected provided that there exists a strong corre-
lation between the shock Alfvén Mach number and its proxy.
Moreover, the probability to observe nonstationary shocks
vanishes for low Mach numbers and approaches a unity as
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the Mach number increases up to high values, in accordance
with the expectations based on theory, numerical simula-
tions, and previous observations (e.g. Krasnoselskikh et al.,
2002; Hellinger, 2003; Lembege et al., 2004; Bale et al.,
2005). As should be expected, similar results are obtained
with the solar wind Alfvén Mach numbers (see Fig. 5), most
probably because solar wind and shock Mach numbers are
highly correlated.

Analogous plots for dependencies on “paralle]” Mach
number proxy, which is calculated with the use of projec-
tion of plasma velocity onto the magnetic field, don’t reveal a
correlation between the probabilities and Mach number (the
plots are not shown). This fact can be considered as addi-
tional evidence that the choice of Alfvén Mach number proxy
is reasonable and the periodicities for the most of the events
are related to intrinsic shock front dynamics rather than to ex-
ternal disturbances. Analogous plots with the sound and fast
Mach number proxies reveal the same tendencies (the plots
are not shown). However, the correlation between the proba-
bility for the shock to be nonstationary and these proxies are
considerably lower than that for Alfvén Mach number. Most
probably the main reasons for this are weaker correlations
between these Mach numbers and their proxies. Indeed, in
addition to solar wind velocity, density, and magnetic field
required for calculation of Alfvén Mach number, the estima-
tion of sound and fast Mach numbers needs additional infor-
mation about electron and ion temperatures. The OMNI data
contain only proton temperature, while the electron tempera-
ture is assumed to be the same for all events. In addition, the
estimates of temperatures of different solar wind components
usually have rather large uncertainties.

4 Summary and conclusions

In the present paper, we describe in detail and use the method
for remote sensing of the quasiperpendicular part of the
bow shock surface. This method was suggested by Lobzin
et al. (2003) and was previously proven to be useful in a
case study of a nonstationary bow shock observed by Clus-
ter spacecraft on 24 January 2001 at 07:05:00-07:09:00 UT.
The method is based on analysis of high frequency electric
field fluctuations corresponding to Langmuir, upshifted, and
downshifted oscillations in the electron foreshock. Lang-
muir waves usually have maximum intensity at the upstream
boundary of this region. All these waves are commonly
believed to be generated by energetic electrons accelerated
at the quasiperpendicular zone of the shock front. Nonsta-
tionary behavior of the shock, in particular due to rippling,
should result in modulation of energetic electron fluxes,
thereby giving rise to variations of Langmuir waves intensity.
For upshifted and downshifted oscillations, the variations of
both intensity and central frequency can be observed. For
the present study, WHISPER measurements of electric field
spectra obtained aboard Cluster spacecraft are used to choose
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48 crossings of the electron foreshock boundary with dom-
inating Langmuir waves and to perform for the first time a
statistical analysis of nonstationary behavior of quasiperpen-
dicular zone of the Earth’s bow shock. Analysis of hidden
periodicities in plasma wave energy reveals shock front non-
stationarity in the frequency range 0.33 fp; < f < fpi, where
fBi is the proton gyrofrequency upstream of the shock, and
shows that the probability to observe such a nonstationarity
increases with Mach number. The profiles observed aboard
different spacecraft and the dominating frequencies of the pe-
riodicities are usually different. Hence nonstationarity and/or
rippling seem to be rather irregular both in space and time
rather than resembling a quasiregular wave-like pattern prop-
agating on the shock surface. However, a possibility that
effects of quasiregular oscillations of the shock may be ob-
scured by the fluctuations of the solar wind parameters and
due to other reasons cannot be definitely excluded.
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The model of the transition radiation from an electron drifting
through the interplanetary shock region is suggested to explain
CLUSTER and WIND multisatellite measurements. A wave
equation for the longitudinal component of the vector-potential is
obtained. Transition radiation patterns for the Fourier harmonics
of the Poynting flux are presented. Properties of the radiation
that appears in the considered system are discussed.

1. Introduction

The calculation and analysis of a transition radiation
are related to different topics of applied physics, such as
the development of particle detectors in nuclear physics
[1], investigation of the radiation of modulated electron
beams in active experiments in the ionosphere [2-4],
and study of natural radiation sources, e.g., the solar
radiation and the Earth’s radiation in the km range
[5—7]. Non-resonant transition radiation is commonly
considered ineffective [1]. This conclusion is correct
if a charged particle passes the inhomogeneity region
only once. The radiation efficiency can be considerably
increased in the case of multiple passages. This approach
was used in [8], where a transition radiation mechanism
was suggested to bring the signal out of a beam-plasma
amplifier. In this article, we calculate the non-resonant
transition radiation of a relativistic electron performing
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Fig. 1. Region of the interplanetary quasiperpendicular shock:

the configuration of fields, gradients, and electron drift trajectory

(schematic plot)

414

multiple rotations in the inhomogeneity region while
crossing an interplanetary shock. The theoretical model
that corresponds well to real experiment conditions
is considered, and the results of calculations of the
transition radiation within this model are presented.

2. January 22, 2004 Interplanetary Shock
Parameters and Theoretical Model

CLUSTER and WIND satellites performed in situ
measurements of the strong electromagnetic emission
at the frequency 1.4 — 1.6f,. [9] in the vicinity of
the interplanetary quasiperpendicular shock crossing. In
the same region, there was detected simultaneously the
increased density of relativistic electrons. The authors of
[9] suggested the transition radiation underlies a possible
mechanism of the generation of electromagnetic waves.
The interplanetary shock on January 22, 2004 [9]
was quasiperpendicular and supercritical with the Mach
number M,y ~ 5.6; the shock ramp width could be
resolved down to 150 km; the ratios of downstream to
upstream magnetic field and density values were about
3.8. Relativistic electrons’ trajectories in the vicinity of
the shock front are driven by the constant component
of the magnetic field, i.e. the cyclotron rotation (Fig. 1),
gradient drift with the velocity (2 + 3) x 10* km/s, and
E x B-drift with the solar wind velocity. These drift
velocities are significantly smaller than the full electron
velocity (0.5 + 0.8)¢, where c is the velocity of light.
The interplanetary shock in the event on January
22, 2004 had the velocity of 740*[0.9; —0.3; 0.3]
km/s GSE [10]. The average solar wind velocity
at the bow shock mnose was about 550-600 km/s
[11]. Assuming that relativistic electrons detected by
CLUSTER satellites were drifting with the solar wind
velocity downstream, the relative velocity of the drift
in the shock reference frame can be estimated as 150-
200 km/s. The time of the electron presence in the
inhomogeneity region of about one second allows the
particle to perform few hundreds of cyclotron rotations
with a period of 3-8 ms. The transition radiation occurs
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every time when the particle crosses the inhomogeneity
region. Therefore, even the non-resonant transition
radiation can be quite effective.

In the measurements [9], the electron Larmor radius
Ry, was about hundreds of kilometers, and the length of
the formation zone of transition radiation [1] was about
few tens of kilometers. The cyclotron frequency of the
electron rotation w, was several orders smaller than the
local electron plasma frequency wp, that was, in turn,
few times smaller than the electromagnetic emission
frequency w. In this case, the influence of a magnetic
field on the dielectric permittivity can be neglected,
and the role of the magnetic field consists only in the
formation of the curvilinear trajectories of electrons.
Thus, we come to the model of an electron having a quite
complicated trajectory in the weakly inhomogeneous
isotropic plasma.

The velocity of the guiding center is much smaller
than the velocity of the electron cyclotron rotation.
Therefore, as the first approximation, one can suggest
the model of an electron having the circular orbit with
the center that changes slowly its position along the
linear positive density gradient. The transition radiation
will exist all the time while the guiding center is situated
in the inhomogeneity region, and its properties will
change slowly as well.

As the first step, we consider the model of a
relativistic electron rotating around the motionless
center in a plasma with linear density profile, by
neglecting the influence of a magnetic field on the
dielectric permittivity (Fig. 2).

3. Wave Equation for Vector-potential and Its
Solution

It is convenient to expand the current density of
the rotating electron into plane waves. The transition
radiation can be found for one plane wave of the current.
Then the integration of all waves constituting the
spectrum gives the total radiation intensity. According
to the model under consideration, the electron has a
circular orbit and rotates in the 20z plane (Fig. 2). Thus,
its motion can be described by the following dependences
of coordinates on time:

z(t) = Rpcoswet, y~(t) =0, z.(t) = Rpsinw,t.

The corresponding velocity components can then be
written as

vz (t) = —wRp sinw,t,
v, (t) = we R cos wet,
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Fig. 2. Model of an electron having a rotating trajectory in plasma
with linear density gradient (schematic plot)

and the current density created by one electron is

-

(7, 1) = e(€pvs + €2v,)0(F — (1)) =

<

= e(€v, + €,0,)0(x — x(t))d(y()d(z — 2(¢)).

The expansions into the Fourier integral with respect to
coordinates and the Fourier series in the time allow us
to represent the full current density as a sum of plane
waves:

Jolk,t) =iC > €™t By (ka, k),
Jo(kt) =C > ety (ky, k),
n=—oo

where coefficients C' and B,;,. are given by the
expressions

C= chRL/Z(QW)S;
Bnm,nz (km, Ii) =J1 (RL \/m) ei(nfl) arctan(ky /k) T
Fdnt1 (RL \/m) ei(’ﬂJrl) arctan(kx/n).

For the sake of simplicity, it is convenient to use the
vector-potential A instead of the electric and magnetic
fields. Then the wave equation for the vector-potential
looks as

—

. A7~ .
grad divA — AL = 17 4 k24, (1)
C

where €(z) = €1 + (e2 — €1)z/L is the dielectric
permittivity, e¢; and ey are values of the dielectric
permittivity upstream and downstream the shock. The
dependence on time is taken as exp(iwt) and kg = w/ec.
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As far as the model contains a chosen direction, it
is natural to decompose the physical magnitudes into
components parallel and perpendicular to the density
gradient:

A=A + AL J=¢ejy+ii k=ek. +k..

Considering A(7) = A(z)exp[—i(k.z + kyy)], Eq.
(1) yields the wave equation for Aj that represents
the electromagnetic wave excitation by a plane wave of
current density:

/

€2
1|/zz + ? 1|z + (ek(% - ki)A“ =
4 2 2\ - - -
= m[(ﬁ — ekg)jy + w(kLjo)]. (2)

According to measurements, the frequency of the
detected electromagnetic radiation was quite different
from the plasma frequency. Consequently, there was
no point of local plasma resonance on the dielectric
permittivity profile e(z), and there was no reflection
point for electromagnetic waves for reasonable values of
k) . Therefore, the solution of Eq. (1) can be found, by
using the WKB approximation. This approximation is
applicable only if the condition 27 /k, < L is satisfied.
In other words, the result obtained has physical sense
only for angles with cos6 > 2n/(ki2L), where 6 is the
angle between the radiation direction and the 0z axis,
and subscripts correspond to the plasma upstream and
downstream the shock (Fig. 2). Equation (2) is linear and
non-uniform, thus its solution is a sum of an arbitrary
partial solution of the non-uniform equation and a
general solution of the uniform equation. The solution
of the correspondent uniform equation in the WKB
approximation consists of two terms corresponding to
forward and backward waves with regard to the density
gradient direction:

1
k.

Ay(z) = (C1e™Z) 4 Che= W (2)), (3)

ﬁ

where (2) = [k.(2')dz’ = [+/e(z')k§ — k7 dz is the
eikonal.

There is a plane wave of current density j ~
exp(—ikz) on the right-hand side of Eq. (2). Therefore,
it is natural to look for its partial solution describing the
electric field of this current wave in the form

A)(2) = B(z) exp(—ikz).
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The dependence B(z) specified by a medium

inhomogeneity is given by the expression

iexp(—i®() [ f(2)

€(2) 2k+/€(2")

where f(z)exp(—ikz) is the right-hand side of Eq.

(2), and ®(z) = [((k? — £?)/2k)dz’. Introducing the
dependence of the WKB amplitudes on the coordinates
[12], one can investigate the wave interaction in an
inhomogeneous medium. Then the solution of Eq. (2)
has a form

B(z) = expli®(z)]d7,

_ G2 e Ca(2)  _iga)
Aj(z) = e e
9= Vone  Veaore T

+B(z) exp(—ikz).

Substituting this solution in (2) and imposing the
additional condition on the relation between C7 and Cy
[12], we obtain the equation set that can be solved for
the derivatives of the amplitudes C;(z) and Ca(2):

/ /
€, 1.k, ¢

!
C1.(2) = ECl(z) + 5(]7 + 2: )Ca(z)e” ¥+

+% / kiB;/z (Z)efinzfiw’
z (4)

/ !/
€, 1K, €

/
z

Chu(2) = ZCo(e) + 5 (5 + 52)C ()
_i i " —ikz+iY
2 kz zz(z)e °

The first two terms on the right-hand sides of system
(4) describe the mutual transformation of the forward
and backward wave amplitudes. The last terms describe
the transformation of the electric field current wave
into the electromagnetic radiation. The integration of
these terms by all inhomogeneity widths L allows us to
compute the forward and backward transition radiations
of a given current wave:

L
1 [ e(2 R
01,2 _ ii/ k((Z/)) B;/Z(Z/)e—zrcz +i(z )dzl (5)
0

The calculation of that integral in the WKB
approximation for the radiation on the n-th harmonic
of the cyclotron frequency gives

iC —
Chiz = —F(ecnﬂlL €n2) X

L
. 9 W TFi[k.dZ
x el (nwetF [ k=dz') (¢ ! L) — D(0)), (6)
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where
k2 — €,(2)k3)Bp, — ikkyBna
B2 - k2(2)

For further calculations, it is convenient to perform
the transformation to a spherical coordinate system
taking into account that

€(0) = €1, €(L) = e, k12 = koy/€1,2,
ky = kcos ¢y sinby, k, = ksingysinby, k. = kcosty,
Var? +y? + 22,

y=rsin®,.sinO,,

D(z) = (

k2l 4k, =k’ sin® O, r=

x = rcos P, sin O, z =1rcosO,.

The angles 0, and ¢, indicate the wave vector
direction, whereas ©, and &, indicate the direction
to a measurement point. Then expression (6) can be
rewritten as

107 (€n1 — €n2)
ckL

Z3k0 COS gkL 3/2
€n2 )
2(enl - 6712)

(k? — €n2(2)k3) B, — imﬁnmko cos ¢y, sin 0y, By
(Venako cos 6)372 (2 — (Ve o ko cos 04)2(2))

(ol

(k? — €n1(2)k3) B, — i/@ﬁnmko Cos ¢y, sin QkBm>

C(711,2 =

(exp(F

Z?)k() COS QkL 3/2
2(6711 - €n2) nl

(Ve ko cos 01)3/2 (k2 — (\/€,, ko cos 01,)%(2))

The vector-potentials of forward and backward
radiations for one plane wave of current are given by
the expression

Cnl,Z(Z)

efi(lcmw+kyy2|2kzz). (7)
enl,Q(Z)kzl,Q(Z)

A||n1,2(z) =

Consequently, the inverse Fourier transformation with
respect to k; and &y, gives

o0

n2(2)e” i(kgxt+kyyFk:z)
Mm@:/%/% -
' €n1,2(2)k21.2(2)

— 00

T
—k2 ZC7T(€n1 6rL2

/d(bk/sm%kd(%x
ckL

0

" exp(—iky 2r(sin ©, sin 6, cos(P®, —Px ) Fcos O, cos b)) "

k12

\/€n12
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(z) cos by

i3k cos O L 3o

—(eXI>(452(€n1 e 2 )
(K? — €n2(2)k§) Bnz — ikv/€,,1 oko €08 ¢y sin Oy, By
(V€ oko cos 0;)3/2 (k2 — (V/€, o ko cos 0, )?)
—mmﬁfﬁ$%>
(K? — €n1(2)k§) Bnz — ikv/€,,1 oko €OS ¢y, sin O, By g
(Ve 1 ko cos 0;)3/2 (k2 — (V/e, 1 ko cos 0x)?) ’
where it was taken into account that
dkydk, = —k* sin 20, dérdby,
kex +kyy Fk.z =

= kr(sin ©,. sin 0, cos(®,. — ¢y,) F cos O,. cos ).

Integrals (8) can be calculated using the stationary phase
method in the far zone (k1 2r > 1). The stationary
phase points for integrals over ¢y and 0 correspond to
the direction to the measurement point: ¢ = @, and
0, = O,.. In this way, we come to the relation

i4CT2 (€01 — €n2)
cLr

cos O,

X
/| cos 20,

y exp(—iky or(im/4(d51g + dsrg) — €08 20,.)) y
Ven1,2(2)k1,2(2) cos O,

X / dk ( exp(F

—0Q0

k2 — k2)B,,, — ikks cos ®, sin ©, B,
2 —
(k2 cos ©,)3/2k(k2? — (kg cos ©,.)2)

i3ko cos O, L 3,2
€n1 )X
2(€n1 - €n2)

(k% — k?)B,,, — irk; cos @, sin @er)
(k1 cos ©,.)3/2k (k2 — (k1 cos ©,)?)

The integration over x is performed via numerical
methods. The largest contribution to integral (9) is
made by the Cherenkov resonance region, where x =
£k 2 cos O;.

Given the amplitude of the vector-potential
longitudinal component harmonic Aj,,; 2, we can obtain
the radial component of the Poynting vector:

C\/g E2

4 O

A|\n1,2 = _k1,2

13kg cos ©,. L 32
€n2 )X
2(€n1 €n2)

—exp(F

9)

Mrpi2e =

B nw? \ﬁnu (Sin2 O, F cos? O,

sin ©,.

2 2
) A|\n1,2'

c 47
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Fig. 3. Forward (a) and backward (b) radiation patterns for the
n = 250 harmonic of the Poynting flux radial component in the
far zone for the relativistic electron with the energy E. = 300 keV
in a plasma with the upstream and downstream densities n; =
1x10° m™3 and ny = 2.2x10° m~3, the magnetic field B =
16x10~9 T, and the inhomogeneity scale L = 1.5x10° m

4. Preliminary Results and Discussion

We assume that the forward radiation propagates in the
angle range 0 < 6 < m/2, and the backward radiation
propagates in the angle range 7/2 < 0 < 7 (Fig. 3).
As far as the forward radiation propagates into the
plasma with a smaller dielectric permittivity value, it
comes out of the shock region at all possible angles
between 0 and /2. The backward radiation is emitted
into the plasma with a higher value of refraction index.
Therefore, it will exist only for angles satisfying the
inequality 6 > 7 — arcsin(y/e2/€1).

The typical forward and backward transition
radiation patterns created by a given partial wave of
current density are presented in Fig. 3. Due to the
reasons described above, these patterns make sense only
in the limited range of the angle 6.

It can be seen from Fig. 3 that the directivity diagram
of the Poynting flux harmonic has oscillating structure.
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Probably, it is a result of the interference pattern that
is formed in the far zone by the radiation from different
electron spatial locations. Indeed, the wave length of the
measured radiation is about 3-4 m, while the trajectory
scale can be estimated as the Larmor radius ~ 100 km.

Usually, relativistic electrons generate the transition
radiation that propagates mostly at small angles to the
velocity direction [1]. In the case of a straight trajectory,
this results into a more intense forward radiation. In
the suggested model, the relativistic electron is rotating.
Consequently, the transition radiation calculation gives
forward and backward radiation powers of the same
order.

The transition radiation Poynting flux for one
Fourier harmonic obtained for the chosen model gives
the result exceeding considerably that obtained for
the straight electron propagation. For example, the
transition radiation for the n = 250 harmonic is by more
than 80 orders of magnitude higher than that in the case
of a straight trajectory [1]. Thus, the electron rotation
provides a much higher radiation efficiency.

5. Conclusions

Properties of the transition radiation under study can be
described as follows.

1. Forward and backward transition radiations of the
relativistic electron drifting through the interplanetary
shock region are of the same order.

2. Both the forward and backward radiation patterns
have highly oscillating structure due to the interference
observed in the far zone from different electron locations.

3. The transition radiation of the relativistic electron
having circular orbit is much higher than that obtained
for the straight electron propagation.

The preliminary results of this work are outlined in
[13-16].
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INEPEXITHE BUITPOMIHIOBAHHS PEJISATHUBICTCBKUX
EJIEKTPOHIB 3 MDKITJIAHETHOI YIAPHOI XBUJII

K.C. Mycamenxo, 1.0. Anicimos
PesomMme

s mosicuenHst 6ararocynyraukosux sumipoBaab CLUSTER ta
WIND 3anponoHoBaHO MOJIe/ b IIEPEXITHOIO BUIIPOMIHIOBAHHS pe-
JISTUBICTCHKOTO €JIEKTPOHA, IO apeiidye depe3 06/1acTh MiXKILIa~
HeTHOI yapHol xBuiti. OTpUMaHO XBUJILOBE PIBHSIHHSA JIJIsI TIO3]10-
BXKHBOI KOMIIOHEHTH BeKTop-noreHniany. HaBegeno miarpamu Ha-
npsimjieHocTi yp’e-rapmoniku BekTopa IloiiaTinra. O6roopeHo
BJIACTUBOCTiI BUIIPOMIHIOBaHHs, 110 BUHUKAE B TaKiil cucremi.
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SPACE PLASMA

TRANSITION RADIATION OF THE ELECTRON ROTATING
IN THE DIFFUSE PLASMA BOUNDARY

K.S. Musatenko, 1.0. Anisimov

Taras Shevchenko National University of Kyiv, Faculty of Radio Physics, Kyiv, Ukraine,
E-mail: ksm@univ.kiev.ua

The diffuse boundary model is suggested to describe the transition radiation of relativistic electrons drifting through
the interplanetary shock. The detailed description of the solution for electrons moving along the circular orbit is
presented. Maximum of the transition radiation spectrum calculated for one electron rotating in the diffuse plasma
boundary lies in the same frequency range as the electromagnetic emission detected by satellites’ devices. This result
justifies the assumption of the possible contribution of relativistic electrons transition radiation to the observed radiation.

PACS: 94.05.Dd, 96.50.Bh, 96.50.Fm, 96.50.Vg
1.INTRODUCTION AND MODEL

CLUSTER and WIND satellites performed in situ
measurements of strong electromagnetic emission at the
frequency ~(1.4...1.6)f,e [1] in the vicinity of
interplanetary quasi-perpendicular shock crossing on
22 January, 2004. The increased density of relativistic
electrons (£ ~300keV) was detected simultaneously in
the same region. The authors of [1] suggested the
transition radiation to be a possible mechanism of the
electromagnetic waves’ generation. The interplanetary
shock of January 22, 2004 event [2] was quasi-
perpendicular and supercritical with Mach number
My~ 5.6; the shock ramp width could be resolved down
to 150 km; ratios of downstream to upstream magnetic
field and density values were about 3.8.

Relativistic electrons' trajectories in the vicinity of
the shock front are driven by constant component of the
magnetic field, i.e. cyclotron rotation (Fig.l.), gradient
drift with the velocity ~(2...3)x10* km/s and ExB-drift
with solar wind velocity. These drift velocities are
significantly smaller than full electron velocity
~(0.5...0.8)c, where c is the velocity of light.

B,.L

Ey

)}

VB.Vn A

z/
Fig.1. Electron drifting inside the interplanetary
shock region (schematic plot)

In the measurements [1] electron Larmor radius Ry
was about hundreds of kilometres and the length of the
formation zone of the transition radiation [3] was about

few tens of kilometres. The cyclotron frequency of the
electron rotation w, was several orders smaller than the
local electron plasma frequency w,, which in turn was few
times smaller than the electromagnetic emission frequency
o. In this case the magnetic field influence on the dielectric
permittivity can be neglected and the role of the magnetic
field consists only in the formation of the curvilinear
trajectories of electrons. Thus, we come to the model of
electron having quite complicated trajectory in the weakly
inhomogeneous isotropic plasma. The velocity of the
guiding centre is much smaller than the velocity of electron
cyclotron rotation. Therefore we considered the model of
relativistic electron rotating around motionless centre inside
inhomogeneity region neglecting the magnetic field
influence on dielectric permittivity (Fig.2) [3].

NE

& ]+€ m £0—E
07 %m

Fig.2. Model of the electron rotating in diffuse
plasma boundary (schematic plot)

The most intense electromagnetic radiation was
observed in close vicinity of the shock ramp, where
plasma density changed abruptly from about 10 cm™ to
22 cm>. It corresponds to variation of dielectric
permittivity from 0.64 to 0.84 for the frequency of the
detected waves. The relative difference between dielectric
permittivities before and after the shock is quite small,
therefore the dielectric permittivity dependence along 0z
axis can be considered as a sum of the constant part and
small variable part &(z) = &y — (en/2)tanh(z/L), where L is
the inhomogeneity region spatial scale [3] (see Fig.2). The
amplitude &, is much smaller then &, and wave equation
can be solved using successive approximations method
over the small parameter &, /&.

86 PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2009. Ne 1.

Series: Plasma Physics (15), p. 86-88.



2. TRANSITION RADIATION CALCULATION

In the considered model the relativistic electron is
rotating. It is advisable to expand this electron current into
plane waves, solve Maxwell equations for one plane wave,
and then summing the contribution of every plane wave
gives the required transition radiation [3-4]. Assuming
that the electron orbit is situated in the x0z plane and
expanding the current into Fourier series by time and then
Fourier integral by coordinates, the full current density
can be expressed as follows:

jlkd)=icS e B, (k. 0.

(1

. (1€t) =C> "B, (k,,K),
where coefficients C and B, ,,, are given by expressions:
C= vee/(2(27r)3);

B, .=J,. (RL kI + K7 )exp(i(n —)arctan(k, / x)) F
+J,0 (RL JE + K7 )exp(i(n + Darctan(k, / x)),

and x and k are wave-vectors of current and
electromagnetic radiation respectively. Then for one plane
wave of current j~ exp(i(wt— xr)) wave equation for
vector-potential can be written as

- A - -
rotrotA = i j+ gkg A, )
c

where it was taken into account that A ~ exp(i(wt — kr).
Since the density gradient imposes the chosen direction
along 0z axis, it is convenient to consider wave-vectors
and vector-potentials as a sum of components parallel and
perpendicular to the density gradient.

A=e A +A; k=ck +k; K=eKx+K,.

Diffuse boundary model permits us to solve the
equation (2) using successive approximation method.
Therefore we will seek for the solution of (2) in a form
A=A, + A, taking into account that &(z) = gy + &/(z), and
g » &1; Ag» Ay. Then leaving only the zero order terms
the following equation is obtained:

2= ==~ =
20 _ 47r(kogoj —K‘(K'-]))

ki, — ke, )
where it was taken into account that Ay ~ exp(i(w? — xr).
Zero order solution A, describes the proper field of
electron current wave and also cyclotron radiation
induced by electron cyclotron rotation. The first order
vector-potential 4, contains the transitions radiation we

are interested in.
The first order equation has a form:

[%—(kf—kgeo)](azu(z))=

= (ki - kggo) a(2) (lagoi) +%%(‘gl (2) 40 )-(3)

2

b

Similarly to solution described in [3], one can find the
transition radiation for one plane wave of current:

(73, ()= - 5=t (B, £ Ay, kz_)exp[+ l‘kz‘z]’ @

2 g, k, smh(le F K )L;z'/Z)
where upper and lower signs correspond to forward and
backward wave respectively.

The full transition radiation of the current created by
rotating electron can be found by performing the inverse
Fourier transform with respect to wave-numbers £, k, and
x| Integrals by k. and ky, can be taken using stationary
phase method in far zone. The integral by «; has to be
taken numerically.

(f,4,, ()= dx, sin20, i—o e

exp(—ikr+i(5¢0 +590)7z/4) L
X —X
r sinh((k cos®, —k, )L;z' / 2X(k cos®, )’ - K'Hz) c
X (i(0052 0, (k cos®, -k )+ K| )kcos DB, -
—sin®, (k(fgo + K (k cos®, —x; ))an ),

where ®, and @, indicate the direction to the measurement
point in spherical coordinates.

The Pointing flux radial component can be obtained
as follows:

_epa e 1 L Ve gy
4r " mle\sin20) "

3. RESULTS

I,

The typical transition radiation pattern for Fourier
harmonic of Pointing flux radial component in far zone is
shown on Fig.3.

Fig.3. Transition radiation spectrum for n = 265
harmonics of Pointing flux radial component

One can see that maximum of the radiation lies in the
electron rotation plane and directed perpendicularly to the
density gradient. The propagation in this direction is a
phenomenon analogous to the presence of reflection point
on the density profile, where the efficiency of the
transition radiation is usually increased.

Due to the chosen model of the electron having
circular orbit in diffuse plasma boundary, the forward and
backward radiations have almost identical value and
radiation patterns.
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Fig.4. Transition radiation spectrum for electron having
energy 300keV, Larmor raduis R, = 132 km,
inhomogeneity spatial scale L = 150 km, cyclotron
frequency f. = 282 Hz, plasma densities before and after
shock ramp n; =10 em? and ny = 22 em’

The obtained transition radiation spectrum, (Fig.4)
has the maximum in the same frequency range as the high
intensity radiation detected in measurements [1]. Thus
measured radiation can indeed be transition radiation of
relativistic electrons.

4. CONCLUSIONS

In this article the model of the electron rotating in
diffuse plasma boundary is suggested to explain
CLUSTER and WIND measurements performed near
interplanetary shock ramp on 22 January, 2004. The
calculation of transition radiation of electron rotating in

Since in the considered model the boundary is diffuse
and electron has rotational trajectory, the forward and
backward radiations have almost identical values and
radiation patterns. Spectrum, obtained using suggested
model (Fig.4.) has the maximum in the same frequency
region as the high intensity radiation detected in
measurements [1], therefore observed electromagnetic
radiation can be attributed to transition radiation of high
energetic electrons crossing the interplanetary shock
region. The results of the calculation using diffuse
boundary model agree by the order of magnitude with the
estimates made using WKB approximation and linear
density profile [4].
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MEPEXO/JHOE U3JIYYEHUME SJEKTPOHA, BPAILAIOIIETOCS B PA3MBITOM I'PAHUIIE ILJIAZMbI
K.C. Mycamenko, H.A. Anucumos

Jns onmcaHust TEPEXOMHOTO H3IYyYEHHs PENSTHBHCTCKOTO BIIEKTPOHA, JApeH(YIOero yepe3 MEXIUIAHETHYIO
YAApHYIO BOJIHY, IPEATIOKEHA MOJENb Pa3MbITOI IpaHUIBI MIa3Mbl. [IpUBOIUTCA EeTanbHOE OMHMCAHHE PELICHHS IS
JJIEKTPOHA, NMEIOIIETO KPYToBYIO0 OpOUTY. MakcHMyM CHEKTpa MepexoJHOTO M3IIyYeHHUs] OJJHOTO JIEKTPOHA, KOTOPBIH
BpalIaeTcs B pasMbITOM TpaHUIE IIa3Mbl, HaXOAWTCS B TOM )K€ YacTOTHOM JHama3oHe, 9TO M HalllomaemMoe
CIyTHUKOBBIMU TIpHOOpaMH 3JEKTPOMATHUTHOE H3IydeHHE. OTOT pe3yNbTaT IOATBEP)KAAET MPEANONI0KEHHE O
BO3MO)KHOM BKJIa/IE TIEPEXOTHOTO M3IYUYEHHS PEIATHBUCTCKUX 3JIEKTPOHOB B HAOJIO1a€MOE U3ITyUCHHE.

NEPEXIJTHE BUIIPOMIHIOBAHHS EJIEKTPOHA, IIIO OBEPTAETHCS B PO3MHUTIA I'PAHUIII
IJTA3MH

K.C. Mycamenko, 1.0. Anicimos

st onicy nmepexiiHOTO BUIPOMIHIOBaHHS PEJSITUBICTCHKOTO €NIEKTPOHY, 10 Apeidye uepe3 MKIUIAHETHY YAapHYy
XBUITIO, 3aMIPOTMIOHOBAHO MOJIEb PO3MUTOI TPpaHuIll ma3Mu. [IpeIcTaBIeHO AeTaIBHUI OMUC PO3B’SI3KH IS CICKTPOHA,
[0 Ma€ KpPyroBy op0OiTy. MakcUMyM CIIEKTpY HEPEXiJHOr0 BHUIIPOMIHIOBAHHS OJTHOTO €ICKTPOHA, IO 00CPTAETHCS B
PO3MHMTIH TPAHHUIll TUIA3MHU, 3HAXOJUTHCA B TOMY K YaCTOTHOMY Jialma3oHi, O i eJICKTPOMAarHiTHe BUIPOMIHIOBAHHS,
10 CIIOCTEPEra€eThCsl CYyMyTHUKOBUMU MpuiagaMu. Llel pe3ynbTar miaTBeppKy€e MPUITYHICHHS PO MOXIIUBUI BHECOK
MEePEXiIHOTO BUITPOMIHIOBAHHS PENIATHBICTCHKUX EIIEKTPOHIB B CIIOCTEPEKYBaHE BUIIPOMIHIOBAHHSI.
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Kateryna MUSATENKO

Analyse des caractéristiques d'ondes au voisinagelbcs
dans des plasmas spatiaux: observations destestelli
CLUSTER, modélisation et interprétation

Cette thése est consacrée a I'étude des processues au voisinage dechocs dans les plasn
spatiaux. La propagation des ondes de Langmuir danplasma présentant des inhg@eités
aléatoires de densité a été modélisée numériquerssnrésultats obtenus ont été conggaauy
données des instruments WHISPER et WBD &l bdes satellites CLUSTER. Les résultats
modélisation et I'étude statistique portant surténsité des ondes de Langmuir observées dané-le pr
choc terrestre et le vent solaire ont montré quthdéereme central limite n’est pas apptieaaux
statistques sur I'intensité, du fait du nombre insuffisdiinhomogénéités. Il en résulte que la fonc
de distribution de probabilité pour le loghme des énergies d’ondes n’atteint pas la Oistion
normale.

D’autre part la détection a distance de la zoneieperpendiculaire du front de chocrestre a p
étre effectuée en analysant la modulation des odddsangmuir et celle des ondes électrigtes
avec fréquence décalée a proximité de la limitepdétchoc.Il a été montré que la probabd
d’observation de la non-stationnarité du front deaccaugmente avec le nombre de Mach du choc

Enfin le rayonnement de transition des électrol&ivestes au front de choc qugserpendiculairs
a été calculé pour expliquer le mécanisme de I'sisélectromagnétique obsée par les satellitg
pres du front de choc interplanétaire le 22 jan2@04. Les parantees du calcul correspondent &
véritables paramétres de I'événement. Le spectmayhnnement de transition établi théoriqueme
son maximum dans le méme domaine de fréquenceayuwdgs mesures.

Mots-clés chocs non collisionnels, pahoc électronique, ondes de Langmuir, rayonnemex
transition

Wave characteristics analysis in the vicinity obcks
in space plasmas: CLUSTER satellite observations,
numerical simulation and interpretation

The doctoral thesis is devoted to the investigattbrwave processes in the vicinity of sp
plasma shocks. The numerical modellofghe Langmuir wave propagation in a plasma atidom
density irhomogeneities was performed and its results wargaoed with experimental data obtait
by WHISPER and WBD instruments of the CLUSTER spedade project. The analysis results shoy
that the Central Limit Theorem is not applicablethe@ Langmuir wave ensity statistics in th
Earth’s foreshock and the solar wind, because safffitient number of inhomogeneities affecting
amplitude of the waves. Consequently the normadtidigion of the probability distribution functic
for logarithm of wave energies is not achieved.

The remote sensing of quasi-perpendicular parhefEarth’s bowshock front was performe
using the analysis of the modulation of Langmupgshifted and downshifted wave intensities clos
the foreshock boundary. The probability of gteock front nonstationarity observation was foum
grow with shock Mach number.

The transition radiation of the relativistic elexts at the interplanetary quarpendicular shoc
front was calculated to explain the mechanism eftebmagnetic emigm observed by satellites ne
the shock front on January, 22, 2004. The parasetethe calculation corresponded to the ac
parameters of the event. The theoretically predisfgectrum of transition radiation has its maxin
in the same frequency region as in the measurements
Key words collisionless shocks, electron foreshock, Langmuaives, transition radiation.
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