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BucHoBKMU. TexHiYHi xapakTepucTukn oHoBneHoro Tereckona ALLY-5 cBigyaTb Npo BMCOKY MeTPOMOriYHY TOYHICTb
peecTpauii CoOHa4YHOro cnekTpy. Lie nossonse npoBoAnTU JOCHIOXEHHA 3MiH dhpayHrodepoBumx MiHi Ha JOBroTpmBanmx
LuKkanax vacy.
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FonoBHa acTpoHoMi4Ha o6cepBaTopifs HAH YkpaiHu, Kuis

NPOrPAMMA UCCIEQOBAHUIA OONTOBPEMEHHBIX UBMEHEHUA ®PAYHIO®EPOBBIX NTMHUIA
B CNEKTPE COJIHLUA

lMpedcmaenexo npozpammy uccrnedoeaHuli donzoepeMeHHbIX U3MeHeHull gppayHaogheposbIx JIUHUL Ha 20/10C€e8CKOM COJTHEYHOM meJsiecKone
ALY-5. MpednoxeHbl MemoObl y4ema 6/1UsiHUSI OCHOBHbIX decmabunu3supyrouux ¢akmopos, a UMEHHO paccesiHHO20 ceema 8 criekmpozpadgbe,
UHCMpPYMeHmMasnbHO20 KOHMypa, 8HympeHHUX rnapa3umHbiX Jiy4yeebiX ckopocmeii 8 criekmpozpage. MHCmpymMeHmanbHbIl KOHMYpP, U3MePeHHbI
C roMowbi0 MOHOXPOMamu4ecKko20 Ko2epeHmHoz20 usnyqeHusi He-Ne nasepa, nepecyumsieasicsi Onsi HeKO2epeHmMHo20 u3nyqeHusi. Hayamsi
nepesie npozpamMMHbie HabrodeHus1.

Knroueenie cnoea: conHye, ¢gppayHzogheposbie NUHUU, UHCMPYMeHMasbHbil KOHMYpP, paccesiHHbIl ceem, eHymMpeHHuUe Jly4eeble CKOpocmu,
Ko2epeHmHoe u3syveHue.

S. Osipov, Ph.D. in Phys. and Math. Sciences
Main Astronomical Observatory, national Academy of Sciences, Kyiv

THE PROGRAM OF INVESTIGATIONS OF LONG TERM CHANGES OF FRAUNHOFER LINES
IN SOLAR SPECTRA

The program of investigations of long term changes of Fraunhofer lines in solar spectra is presented. It is realized in the Golosiiv solar
telescope ATsU-5. The methods for corrections of influence of main destabilizing factors, notably scattering light in spectrograph, instrument
function, inner LOS velocity, are propozed. The instrument function measured using monochromatic coherent radiation of He-Ne laser recalculated
to the case of incoherent radiation. The first program observations started.

Key words: Fraunhofer lines, instrument function, scattering light, inner LOS-velocity, coherent radiation.
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MONEPEOHIA NMPOrHO3 NAPAMETPIB 25-IF0 LIMKNY COHAYHOI AKTUBHOCTI

Ha ocHoei 3HalideHux paHiwe KopensiyiliHux 3e'sa3kie i peapeciliHux crieeiOHOWeEHb MiX OesikuMuU Xxapakmepucmukamu 1—
24 yuknie coHs4HOi akmueHocmi (Pishkalo, 2014: Solar Phys., vol. 289, 1815) daHo npoaHo3 25-20 yukiy. Po3paxyHKU eUKOHaHi
3a CXeMOK: 4ac MakcuMmyMmy 24-20 UuK/ly eu3Havyae mpueaslicmb ¢ha3u pocmy yuksy, Oasii 3HaxoOuMo ouYiKyeaHy mpueasicmb
24-20 yukny i npo2Ho308aHi Nnapamempu 25-20 yuksty. OmpumaHo, wo MiHiMym 25-20 yukiny cmaHoeumume 6insi 5 y keimdi—yepeHi
2020 p., a makcumym — 6insi 105-110 y xxoemui-2pyOHi 2024 p. 25-i YUK COHSYHOI akmueHocmi 6yde euwjum 3a MOMOYHuUl
24-0 yukn. HacmaHHs1 21u60K020 MiHIMYMYy COHSTYHOI aKmu8HOCMI, CX0X020 Ha MiHiMymu [JanbmoHa 4yu MayHOepa, He o4iKyembcs.

Knroyoei crioea: coHsiYHa akmueHicmb, COHSIYHUU UK.

BcTyn. CoHsiuHa aKkTMBHICTb 3MiHIOETLCA 3 nepiogom 6nm3bko 11 pokiB. Hanbinblu y)kKMBaHOK XapakTePUCTUKOK COHSAY-
HOI aKTMBHOCTI € BifJHOCHE YUCIO COHAYHUX NAsSM — Yucno Bonbda. Liknn CoHAYHOT akTUBHOCTI CYTTEBO Pi3HATLCH CBOIMMN
napameTpamMu, 30Kpema amnmiTygol i TpmBanicTio. 3MiHM COHAYHOI aKTMBHOCTI BUKMUKAKOTL 3MiHW B MDKNaHEeTHOMY Ta
HaBKONO3eMHOMY MPOCTOPI, AKi, Y CBOK Yepry, NeBHUM YMHOM BMNMMBalOTb Ha (PYHKLIOHYBaAHHA KOCMIYHUX Ta Ha3eMHUX
TEXHOJOMYHMX CUCTEM, Ha XUTTEAIANBHICTb XUBMX OpraHiaMiB Ha 3emni, Ha kniMaT. ToMy BaXXnMBO 3HATW Hanepen, Konm i
AKMM Byae MakCMMYM COHSIYHOI aKTMBHOCTI.

Ha puc. 1 nokasaHo, Sk 3MiHIOETLCS LLIOPiYHE BiAHOCHE YNCMO COHSAYHUX MsiM NpubnnsHo 3a octaHHi 300 pokiB (TOHKO
i )XMPHOIO NiHIAMK — BIQNOBIQHO LLOPIYHE | TpWYi 3rmagkeHe 3a 11-ma ToukaMu 3HayeHHs Yvicna Bonbdga). HarHmkynm 3a
BKa3aHWi nepiog OyB MakKCMMyM LUOCTOrO COHSIMHOMO LMKy Yy cepeauHi 1816 p., HaMBULLMM — OEB'ATHAAUSTOrO LUKy Y
KiHUi 1957 p. MiHimym 1800—1830-x pokie HasmBatoTb MiHiMymomMm JansToHa. KpiMm 11-pivyHOi UMKMIYHOCTI, MOXHa BUAINUTK
T.3B. BikoBWIM nepiog, 6nusbkuin go 100 pokis. 3 puc.1 Takox MoxHa 6aunTy, WO Hapasi COHsYHA akTUBHICTb nepebysae
no6nun3dy mMakcumymy 24-ro umkny i nobnmsy miHiMmymy BiKOBOrO LMKNy. 3anuvwiaeTbCs BiOKPUTUM NUTaHHS, Yn Byae uen Bi-
KOBWUIA MiHIMYM MOrnmMbnioBaThCS, YU COHAYHA aKTMBHICTb MOYHE 3pocTaTu. [1eBHOK MIpOH BiOMOBICTM Ha Ui MUTAHHSA MO-
XYTb MPOrHO3u HAaCTYMHOro, 25-ro LMKy COHSAYHOI aKTUBHOCTI.

© Miwkano M., 2014
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Puc. 1. WopiuyHe yncno Bonbda 3a octaHHi 300 pp.

Tak, Abgycamatos [1] i3 aHani3y gaHMX NpPO COHsIYHY CTany Ta COHAYHWIA AiamMeTp 3a Kinbka OCTaHHIX LMKMIB NpUALLOB
[0 BUCHOBKY, LLO 3aranibHUi piBEHb COHSIYHOI akTUBHOCTI Byae noHwxyBaTucs 1 Hagani, ax go 2042 p., makcumym 25-ro i
26-ro umkniB craHoBuTuUMeE BignosigHo 50 + 15 i 35 + 20. OyeHa Ta iH. [11] TakoX BBaXalTb, O COHAYHA aKTUBHICTb Oyae
3HMXKyBaTUCH e marmke 40 pokiB i focArHe BENUYMH, 6nn3bknx Ao MiHiMymy [anbToHa uu, HaBiTe, MayHaepa. Knuneepg i3
cnisasTopamu [5] BBaXatoTb, LLO 3HWKEHHSI COHSAYHOI akTMBHOCTI TpuBaTume npubnusHo go 2030 p.

MeHH i NiBIHrCTOH [12] 3HaNWNM, WO Hanpy>XeHiCTb MarHiTHOro Nnons y nisiMax 3MeHLLYETbCA NPOTArOM OCTaHHIX Aecs-
TUNIiTb, €KCTPaNoNoBanu Ui 3MiH1 B ManbyTHe i cCnporHo3dyBanu, Wo y 25-y UMK COHSIYHOI akTUBHOCTI NASIMU MOXYTb 3HMK-
HYTK 30BCiM, TOMY caM 25-i umkn Byae ayxe cnabkum, i3 uncnom Bonbda y makcumymi nuwe 6ing 7. Ha npotusary Lbomy,
MeBuoB i3 cniBaBTOpamu [13, 14] i3 aHanidy marHiTorpadiyHMx gaHuMx COHsiYHUX obcepBaTopit PagsHcekoro Cotro3y 3a
1957-2011 pp. i 3a cMHONTMYHMMKM KapTamu obcepsaTopii MayHT BinbcoH 3a 1920—1959 pp. He niaTBEpAMNN iCHYBaHHSA
TaKoro TPEHAY Y HanpyXeHOCTAX MarHiTHOro Mofs COHAYHMX MAAM i TaKuM YMHOM MOCTaBMNW MNif CYMHIB BULLE3ragaHuin
nporHo3 NeHHa i JliBiHrcToHa.

Y pob6ori [8] 3HaraeHo, Wwo amnniTyaa i TpyBanicTe 25-ro UMKy COHAYHOI aKTUBHOCTI CTaHOBUTMMYTb BignosigHo 110 i
12.49 p. KewiH [10] BBaxae, wo 25-1 umkn gocsrHe amnnityan 112-127 (cepegHe 119) y 2022-2023 pp. Oy i Ay [6] nporHo-
3yl0Tb, WO amnnityaa 25-ro uukny ctaHosutume 111.6+17.4. Kyacim i3 cnisaBTopamu [16] BBaxatoTb, L0 25-1 LMK COHAY-
HOI aKTMBHOCTI focarHe makcumymy 116 y 2020 p., a ATTis i3 cniBaBTopamu [4] — makcumym ctaHoBuTtume 90.7+8 y 2022 p.
Xenan i Manan [7] oTpumanu, Wwo amnnitTyga i TpueanicTe dasu pocTty 25-ro umkny ctaHoBuTuMyTb 118.2 i 4 poku Bignosia-
Ho. Y pobortax [9] i [17] nporHo3yeTbCs, WO 25-1 umkn OyAe cunbHilMMm 3a nonepeaHiv 24-n.

Y paHini poboTi 6yae 3pobneHo NporHo3 napameTpiB 25-r0 LUKy COHSIYHOI aKTUBHOCTI, BUXOASYM i3 Yacy Makcumymy 24-ro
LMKIY | KOPENSLUIHMX 3aneXHOCTEN MiXK Pi3HUMK NapaMeTpaMm LMKy, 3HanOeHMM Hamuy paHille y poboTax [2, 3, 15].

Pe3ynbTat Ta o6roBopeHHs. Hapasi coHsiuHa akTuBHiCTb nepebyBae nobnuay makcumymy 24-ro uukny. Ha gaxui
yac 3rigHo 3 gaHumK, po3MieHuMn Ha canTi benbrincbkoi Koponiscbkoi ob6cepsartopii (http://sidc.oma.be), makcumym He-
3rnagxeHoro ymcna Bonbda craHoBuTs 102.8 (ntotuin 2014 p.), a ans 3rnagxeHoro — 75.4 (nuctonag 2013 p.). Buxogauu
3 OMHAMIKM COHSYHOI aKkTMBHOCTI A0 i micna notoro 2014 p., BapTo O4ikyBaTH, WO MaKCUMyM 3a 3rnakeHuM dYncnom Bo-
nbdha Takox 6yae BignosigaTty noyatky 2014 p.

Y pob6orTi [15] Hamn 3HaraeHa 3HauyMma HeraTuBHa NOMIpHa Kopensauia Mk TpusanicTio gasn pocTy Trse | TPMBANICTIO
aau cnagy Tra COHAYHOTO LMKMY (Y poKax), Aka BUpaaeTbCA PIBHAHHAM Ty = 9.35 (£0.94) — 0.60 (£0.22) Tiise (TyT i Aani
no TekCcTy AaHo noxmbky +10). OTxe, 3a BidOMOIO TpMBanicTio da3n PocTy LMKy MOXEMO 3HanTK TpuBanicTb dasun cnagy
LMKNY i NOBHY TpMBanicTb UMKNY Teyce. [ani, 3a NporHo3oBaHow TpuBanicTio 24-ro LMKNY i PIBHAHHAMM, LLO NOB'A3Y0Tb
TPVBaniCTb NONepeaHbLOro LMKIY Teyce(N) i3 BENMYMHAMU aKTUBHOCTI B MiHIMYMi Rmin(N+1) i MakcMmyMmi Rmax(n+1) HacTynHo-
ro umkny Ta TpusanicTio (y pokax) noro daan pocty Trise(n+7) [15],

Rumin(n+1) = 26.04 (+6.28) — 1.84 (£0.57) Toyeie(n),
Rmax(n+1) = 363.02 (£63.72) — 22.59 (+5.78) Teyole(),
Trse(n+1) = -2.64 (+1.63) + 0.619 (+0.148) Toyeio(n)

MOXHa 3HaWTW BIiAMNOBIAHI NapameTpy 25-r0 UMKy COHAYHOI akTUBHOCTI. PUCyHKM, WO BigobpaxaloTb Ui Tpy 3anexHoCTi,
HaBe[eHi y Hawwii poborTi [3].

Y Tabnuui HaBeeHO NPOrHO30BaHi XapaKTepUCTUKM 25-r0 LMKy COHSIMHOT akTUBHOCTI, PO3paxoBaHi 3a ON1CcaHo BULLE
cxemoto. lMepmin pagok Tabnuui MiCTUTL OYiKyBaHUI Yac MakCMMyMy 24-ro UMKy (HaBedeHo Kinbka 3HaveHb, OCKINbKA B
AaHWI Yac Le HEMOXIMBO TOYHO CKasaTu, Ha SKMI MicsALb NpUNagatMmMe MakCMMyM 3riafXeHoro Mica4Horo yncna Bonb-
da), ABa HWKHIX PAAKN — NPOrHO30BaHi 3HAYEHHA MakcuMyMmy i TpMBanocTi dasn pocTy 25-ro uukny (y pokax), oTpumMaHi 3a
"Bigommm" (5-1 pagok Tabnuui) 3HaYeHHAM akTUBHOCTI Y MiHIMYMii LMKNY i PiBHAHHAMM [15]

Rmax =77.9 (¥13.7) + 6.0 (£1.9) Ruin,
Trise = 5.18 (£0.40) — 0.156 (+0.56) Rmin.
BapTo Big3HaunTK, WO Ui ABi OCTaHHi 3aneXHOCTi noka3aHi Ha puc. 1i 2, HaBedeHWX Yy HaLin nonepedHin poboTi [15].

MopiBHIOKYM OCTaHHI YOTMPW pPAAKK Tabnuui, NPMXoaANMMO A0 BUCHOBKY, O amnniTyau i TpueanocTi dasn pocty 25-ro
LMKy, OTPUMaHIi 3a Teyce(24) | Rmin(25) malxke cnisnagatoTs.
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Ta6nuys. NMporHosoBaHi napmeTpu 24-ro i 25-ro UUKNIB COHAYHOI aKTUBHOCTI,
po3paxoBaHi 3a BiAOMUM 4acoM MaKCUMYMY 24-ro LiKny

Tmax(24) Xl 2013 Xl 2013 | 2014 Il 2014 Il 2014 IV 2014
Tise(24) 4.92 5.00 5.08 5.17 5.25 5.33
Trai(24) 6.40 6.35 6.30 6.25 6.20 6.15
Toyoe(24) 11.33 11.35 11.38 11.42 11.45 11.48
Rumin(25) 5.2 5.2 5.1 5.0 5.0 4.9
Ruax(25) 107.3 106.6 106.0 105.0 104.4 103.7
Tiise(25) 4.37 4.39 4.40 4.43 4.45 4.47
Rrmax(25) 109.2 108.8 108.5 108.1 107.7 107.4
Tise(25) 4.37 4.37 4.38 4.40 4.40 4.42

I3 pesynbTaTiB po3paxyHkiB, L0 HaBeAeHi B Tabnuvui, BUNNUBAE, WO B OAMHULIAX MICAYHUX 3rrnafkeHnx ymucen Bonbda
MiHiMyM 25-ro umkny ctaHoBuTuMe 6insa 5 y kBiTHi—4epBHI 2020 p., a makcumym — 6inst 105—110 y oBTHIi—rpyaHi 2024 p.
TpuBanicTb asm pocTy akTUBHOCTI y 25-My umkni 6yae 6nusbkoto 4o 4.5 poky. FKLIO BBaXaTw, O MakCMyM 24-ro Lumkny
Nno He3rnamXxeHux i No 3rmamkeHnx MicadyHux yucrnax Bonbda cnisnagatume i Bignosigatume niotomy 2014 p., TO NPOrHo-
30BaHi napameTpu 25-ro LMKy, BUXOASYM i3 OYiKyBaHOI TPMBaANOCTi 24-ro UMKy, MaTUMyTb HacTyMnHi 3Ha4YeHHS: Rmin(25) =
5.0 £ 0.3, Rmax(25) = 105 % 3, T:ise(25) = 4.4 + 3.3 pp.

[MOpIBHAHHA OTPUMAHNX HaMX NPOrHO30BaHNX NapamMeTpiB 25-r0 LMKy i3 iHLWMMK iICHYIOUYMMM Ha AaHWIA Yac NPOrHo3amm
CBiQYMTb MPO Te, WO HaLl Makcumym Lmkny nobpe ysrogxyerbcs i3 nporHo3amu pobit [6, 8]. OTpumaHuin HaMyM MakCcumym
25-ro umkny Takox, SK i MPorHo3u, HaeefeHi B poboTax [6-9, 17], He niaTBepmxye BUCHOBKM AbaycamartoBa [1] um MeHHa i
JliBiHrcToHa [12] Npo 3Ha4He 3HMKEHHS COHSIYHOI akTUBHOCTI B 25-My UMKNi; HaBnaku, 25-i uukn byae AeLo akTUBHILLIMM 3a
24-in. HacTaHHs1 4eproBoro rmubokoro MiHiMyMy COHSIYHOI aKTMBHOCTI, aHanoriyHoro miHimymam OanbToHa un MayHpoepa,
cKopille 3a BCce, He OYiKYETbCS.

BucHoBku. Buxoasaun i3 NOTOYHOI COHAYHOT akTUBHOCTI i Npuimaroumn noyaTtok 2014 p. ik Yac MakCUMyMmy 24-ro COHsY-
HOrO LMKy, Hagari MOXHa 3HanTu TpyBanicTb hasun pocTy i cnagy LMKy, a oTKe i TpuBanicTb 24-ro UMkIy, a noTiM, BUKO-
PUCTOBYOYM TPUBATICTb LMKITY SK NPEKypcop Anst HAaCTYMHOrO LMKy, CNPOrHo3yeaTtu napametpu 25-ro uukny. OTpumaHo,
O B OAMHULSX MICAYHUX 3rnamkeHnx Yncen Bonbda miHimym 25-ro umkny craHoButume 6ins 5 y kBiTHi—4epBHi 2020 p., a
MakcuMyM — 6inst 105-110 y kiHui 2024 p. 25-11 LUK COHAYHOT aKTUBHOCTI Byae BULLMM 3a NOTOYHMI 24-i umkn. OTpumaHi
pe3ynbTaTy He NiGTBEPAXYIOTb HAaCTaHHsSi YEProBOro Aye rMmMboKoro MiHiMyMy COHSIMHOI aKTMBHOCTI, aHamNoryHoro MiHimy-
Mam JanbTtoHa u1 MayHaepa.
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NPEOBAPUTEIbHbLIX MPOMHO3 NAPAMETPOB 25-ro LLUKITA CONTHEYHOU AKTUBHOCTHU

Ha ocHoeaHuu HalideHHbIX paHee KOPPesIIyUOHHbIX cesi3ell U pe2pecCUOHHbIX COOMHOWeHUl Mexdy HeKOMopbLIMU XxapaKmepucmuKamu
1-24 yuknoe conHe4Holi akmueHocmu (Pishkalo, 2014: Solar Phys., vol. 289, 1815) daHo npoaHO3 25-20 yukna. Pacyemsl ebINOSIHEHbI MO
cxeme: epeMsi MaKCuMyMa 24-20 yukna onpedesisiem onumesibHOCMb ¢ha3bl pocma yukna, dasnee HaxoouM oxudaemyro npodosmKumenbHoCMb
24-20 yukna u npozHosupyemble napamempsl 25-20 yukna. [Mosy4eHo, Ymo MuHuUMyM 25-20 YuK/ia 8 MecsIYHbIX 4ucsiiax Bonbgha 6ydem
cocmaensimb oKosno 5 e anpene—utoHe 2020 2., a Makcumym — okosno 105-110 e okmsibpe—Oekabpe 2024 2. 25-U yukn cosHeyHolU akmueHocmu
6ydem ebiwe mekyujezo 24-20 yukna. HacmynneHusi 2n1u60Kko20 MUHUMYyMa COJIHEYHOU aKmueHOCMU, MOX0Xe20 Ha MUHUMYMbI [JanbmoHa
unu MayHdepa, He oxudaemcsi.

Knroyeenie crnoea: conHevyHass akmueHOCMb, COTHEYHbIU YUKIT.
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PRELIMINARY PREDICTION OF THE 25-thTH SOLAR CYCLE PARAMETERS

Solar activity varies with a period of about 11 years. The solar activity variations cause changes in the interplanetary and near-Earth space. The
whole space weather is mainly controlled by the solar activity. Changes in space weather affect the operation of space-borne and ground-based
technological systems such as manned space flights, aero-navigation and space navigation, radars, high-frequency radio communication, GPS-
navigation, ground power lines. The solar activity variations influence living organisms and the climate on Earth. That is why it is important to know
the level of solar activity in a solar cycle in advance. Current solar activity is near the maximum of solar cycle 24. Maximal monthly sunspot number
was 102.8 in February 2014 and smoothed one was 75.4 in November 2013 (preliminary). Taking it into account and using correlation relations and
regression equations from (Pishkalo, 2014: Solar Phys., vol. 289, 1815) we can estimate duration of solar cycle 24 and then predict parameters of
solar cycle 25. Precursors in our calculations are the estimated duration of solar cycle 24 and sunspot number at the end of the cycle. We found
that minimum and maximum of solar cycle 25 in monthly sunspot numbers will amount to 5 in April-June of 2020 and 105-110 in October-
December of 2024, respectively. Solar cycle 25 will be stronger than the current cycle 24. No very deep drop in solar activity similar to Dalton or
Maunder minimums was predicted.
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ON THE MAGNETIC FLUX CONSERVATION IN THE PARTIALLY IONIZED PLASMA

The Ohm, Hall, and ambipolar diffusions in the partially ionized plasma are considered. It has been shown that the statement
of Pandey and Wardle [1,2] that only the Ohm diffusion is capable to decrease the magnetic flux is not sufficiently correct due to
the formal dependence of the magnetic diffusion on a selected frame of reference. The significance of understanding of the
physical nature for the dissipation and diffusion of the magnetic field in the partially ionized plasma as well as consequences of
obtained results are discussed.

Key words: ionized plasma, magnetic flux.

Introduction. The magnetic field freezing to the plasma is one of the most fundamental property of the cosmic plasma.
The frozen—in conditions suggest that the magnetic flux as well as the topology of the magnetic field lines are conserved.
However, the notion of the magnetic freezing for the partially ionized plasma as distinguished from the fully ionized one
becomes more complex. As a result, inferences of some authors turn out to be not well-grounded. For example, Pandey
and Wardle [1,2] concluded that only the Ohm diffusion is capable to destroy the magnetic flux, whereas Pedersen and Hall
ones redistribute the flux in the medium. Moreover, "total flux is conserved even in the presence of Ohm diffusion only if
parallel current is absent in the medium" [1].

The goal of this paper is to reconsider these results in the case of the collisional partially ionized within the framework
the three fluid approximation.

On the magnetic flux conservation in different frames of reference. Using standard notation and neglecting by the
viscosity, gas pressure, and gravitation, the momentum equations for the electrons (e), ions (i), and neutrals (n) can be
written as

dv, e e
dte :—EE—%VeXB‘FVei(\/i—Ve)‘l'Ven(Vn—Ve); (1)
dVi e e
TI‘I:ME+%\4XB+VIn(Vn_Vi)+Vie(Ve_Vi); (2)
dav,
Ttn =Vpi(Vi = Vi) +vpe(Ve = Vi). (3)
The system (1)-(3) implies the MHD momentum equation
dv _jxB
Pat - ¢

where j = en(v;—-V,) is the electric current density and the velocity of fluid as whole

(4)
n; +n,
Introducing the degree of the plasma ionization
Fetn, (5)
n+n,

and taking into account the conservation of momentum

nvy+npvy, =0,
where v; =V,-v and v, =V, -v are the velocities of ions and neutrals relative to the center of mass, respectively, from
(4) and (5) we find

(6)
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