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AbstratWe have onstruted a theory for standing Alfven waves driven in the magnetosphere by amonohromati soure loalized in the ionosphere. It is shown that a dominant role in suhosillations is played by harmonis with large azimuthal wave numbers with m� 1. We explorethe possibility of suh osillations being exited during ative experiments on periodi (with theperiod of Alfven eigenmodes of the magnetosphere) ionospheri modi�ations. Our study hasmade it apparent that the measured distane between loal maxima of the amplitude ofosillations exited in suh an experiment an be used to infer the value of the polarizationsplitting of the spetrum between poloidal and toroidal eigenmodes of the magnetosphere.



21. IntrodutionIt is generally agreed that redit for the pioneeringtheoretial investigation into standing Alfven wavesin the magnetosphere is due to Dungey [1954℄. Heobtained equations desribing the �eld of monohro-mati Alfven osillations in an axisymmetri magne-tosphere. For two limiting values of the azimuthalwave number m = 0 and m = 1, equations desrib-ing the longitudinal (along geomagneti �eld lines)struture of the �eld of Alfven waves split o� from aompliated system of MHD equations. Osillationsof this type were given the title toroidal (m = 1)and poloidal (m = 0) eigenmodes. Subsequently,these equations were repeatedly solved both analyti-ally [Radoski, 1967; Radoski and Carovillano, 1969;Krylov and Lifshitz, 1984℄ and numerially [Cum-mings et al., 1969℄. Those alulations resulted in adesription of the longitudinal struture of standingAlfven waves of the poloidal and toroidal type and ofthe sets of their eigenfrequenies.For osillations with m 6= 0 and m 6= 1, the sys-tem of MHD equations is not split into separate, sim-pler equations for the individual modes of MHD os-illations. In the old magnetosphere model, equa-tions for Alfven waves and equations for fast mag-netosound are assoiated in this system of equations.For monohromati osillations with a �xed frequeny! this system has singularities at some points alongthe transverse oordinate, namely, on resonant mag-neti shells. The transverse struture of the osilla-tion �eld near these resonane shells was treated inthe theory of �eld line resonane [Southwood, 1974;Chen and Hasegawa, 1974℄. Originally, this theorywas onstruted for a model of the magnetospherethat is inhomogeneous only in one, transverse, oordi-nate. Subsequently, by onsidering a magnetospherethat is inhomogeneous both in one of the transverseoordinates and in the longitudinal oordinate, so-lutions of MHD equations were obtained desribingboth the transverse and longitudinal struture of theosillation �elds near these resonane shells [Kivelsonand Southwood, 1986; Leonovih and Mazur, 1989;Chen and Cowley, 1989℄.It should be noted that the ited papers onsid-ered the following exitation mehanism for osil-lations on resonane magneti shells. The magne-tosound wave driven on the magnetopause penetratesdeep into the magnetosphere and exites, via reso-nane, standing Alfven waves on those magneti shellswhere its frequeny oinides with the eigenfrequeny

of the Alfven osillations. However, suh an exita-tion mehanism for standing Alfven waves is e�etiveonly for harmonis with the azimuthal wave numberm � 1. Sine the greater part of the magnetosphere isan opaity region for the magnetosound waves underonsideration, their amplitude drops exponentially in-side the magnetosphere with inreasing m, and theexitation of standing Alfven waves beomes ine�e-tive.For standing Alfven waves with m� 1 the osilla-tion soure must lie on the same �eld lines where thesewaves are exited. Southwood and Saunders [1985℄,Walker [1987℄, and Taylor and Walker [1987℄ take,as suh a soure, slow magnetosound waves whih forharmonis withm� 1 propagate, as do Alfven waves,along geomagneti �eld lines. This provides a meansfor the resonane interation of these modes of theMHD osillations. Walker and Pekrides [1996℄ on-sidered this proess by taking into aount the inu-ene of the ring urrent and the eletri �eld of thegeomagneti tail. Leonovih and Mazur [1993℄ inves-tigated in detail the omplete spatial struture of amonohromati standing wave with m � 1 in a oldmagnetosphere, the soures of whih are external ur-rents in the ionosphere. Similar studies for a plasmawith � � 1 were arried out by Klimushkin [1998℄.The ited referenes all addressed the spatial stru-ture of one Fourier harmoni with a �xed frequeny! and the azimuthal wave number m. It is amply ev-ident that real soures of Alfven waves generate osil-lations in the magnetosphere with a broad spetrumof frequenies as well as of wave numbers. In thisontext, to investigate the �eld of osillations gener-ated by real soures, it is neessary to pass from adesription of a single Fourier harmoni to the �eldof osillations generated by broadband soures.In this paper we proeed to a study of the �eldof osillations with a �xed frequeny ! generated inthe magnetosphere by a soure that is spatially lo-alized in the ionosphere. This means that the osil-lation soure has an arbitrary struture aross �eldlines and hene a broad spetrum in azimuthal wavenumbers m. Partiular attention will be given tothe study of the osillations from a strongly loalizedsoure. An HF radar that heats the ionosphere at reg-ular intervals with a frequeny near the frequeny ofAlfven eigenosillations of the magnetosphere on themagneti shell under onsideration an presumablybe used to generate suh osillations in the magneto-sphere.The possibility that magnetospheri MHD osil-



3lations an be exited by arti�ial means has beendisussed in the literature for a long time. Grei�n-ger [1972℄ onsidered the possible exitation of theosillations using large (� 100 km in size) antennaswith high-urrent generators. Cornwall [1972℄ dis-ussed an alternative possibility of generating ULFwaves that involves injeting a harged partile loudinto the auroral magnetosphere or into the ring ur-rent region. However the most realisti possibility ap-pears to be the arti�ial exitation of magnetospheriMHD eigenosillations using powerful HF radio trans-mitters. Experiments made with suh transmitters[Fraser-Smith and Cole, 1975;Willis and Davis, 1976;Getmantsev et al., 1977℄ showed that the ionospherimodi�ation with eletromagneti pulses modulatedwith � 1 Hz frequenies is sometimes followed byMHD osillations with frequenies lose to the mod-ulation frequeny. This suggested that the observedosillations are aused by the preeding ionospherimodi�ation with modulated emission of HF trans-mitters. Unfortunately, we are unaware of like exper-iments on arti�ial exitation of lower frequeny mag-netospheri MHD osillations at frequenies lose tofundamental-harmoni frequenies of standing Alfvenwaves at geomagneti midlatitudes.This paper an be regarded as a theoretial jus-ti�ation for the possibility of arrying out suh anexperiment. The distintive harateristis of the spa-tial distribution of the amplitude of suh osillationsan be used to measure the polarization splitting ofthe spetrum of Alfven osillations into toroidal andpoloidal eigenmodes.2. Basi EquationsIn this paper we shall use three oordinate systemsonneted with geomagneti �eld lines; they are pre-sented in Figure 1. The urvilinear orthogonal oor-Figure 1 dinate system is (x1; x2; x3) in whih the oordinatex2 de�nes a �eld line on a given magneti shell x1and x3 de�nes a point on a given �eld line. The lo-al Cartesian oordinate system is (n; y; l ). Physialomponents of an arbitrary vetor a in this systemare related to ovariant omponents in urvilinear o-ordinates by the following relations:an = pg1a1; ay = pg2a2; al = pg3a3;where gi (i = 1; 2; 3) are the metri tensor ompo-nents of the urvilinear oordinate system. The lo-al Cartesian oordinate system is (x; y; z) near theionosphere in whih the axis z is normal to Earth's

surfae, the axis x is direted from south to north,and the axis y is direted from west to east. Notethat near the ionosphere, the axis y in the oordinatesystems (x; y; z) and (n; y; l) oinides, the axis x isthe axis n projeted onto the ionosphere along geo-magneti �eld lines, and the axis z is in opposition tothe axis l projeted onto the diretion of the axis z.A disturbane in the monohromati wave of theform e�i!t, where ! is the osillation frequeny, t is atime, will be desribed by the eletri potential � re-lated to the eletromagneti omponents of the wave�eld by the relationsE1 = �r1�; B1=�i !rg1g2r2 1pg3r3�;E2 = �r2�; B2= i !rg2g1r1 1pg3r3�; (1)E3 = 0:The expression for the omponent B3 is more un-wieldy and is not reprodued here (it may be found ina paper by Leonovih and Mazur [1993℄). They alsoshowed that the �eld struture of the standing Alfvenwave with a �xed frequeny ! and the azimuthal wavenumber m may be represented as�N = �UN(x1; k2; !)HN(x1; k2; x3; !)e�i!t+ik2x2 ;where N = 1; 2; 3; ::: is the longitudinal eigenmodenumber of standing waves. If the azimuthal angle 'is used as the azimuthal oordinate x2, then k2 = m isthe azimuthal wave number. In this paper we employa more general notation, i.e. x2 and k2, beause weshall onsider a large number of harmonis from m �1 tom =1, and the variation of k2 will be onsideredontinuous.The funtion HN desribes the �eld struture ofthe standing Alfven wave along a geomagneti �eldline. This funtion was investigated at length byLeonovih and Mazur [1989, 1993℄. At this point,we give only the expression obtained in the WKBapproximation in longitudinal oordinate x3 (or, theequivalent, in oordinate l; dl = pg3dx3) applia-ble to longitudinal harmonis of standing waves withN � 1: HN = CN sin 
N Z ll� dl0A ! : (2)Here CN is the normalizing fator independent of thelongitudinal oordinate, A is the Alfven veloity, and



4
N = 2�N=tA is the eigenosillation frequeny of theNth harmoni of the standing waves, wheretA = I dl0A � 2 Z l+l� dlAis the transit time with the Alfven veloity in themagnetosphere along a �eld line from the ionosphereof the southern hemisphere (l = l�) to the ionosphereof the northern hemisphere (l = l+) and bak. Notethat (2) does not take into aount the frequeny dif-ferenes 
N for eigenosillations of the toroidal andpoloidal types. However, the exat values of the fre-quenies of eigenosillations of these types (
TN and
PN ) are somewhat di�erent:
TN �
PN = �
N � 
N : (3)The funtion �UN desribes the �eld struture ofthe standing Alfven wave aross the magneti shells.The sale of its variation in oordinate x1 is muhsmaller than the sale of variation of HN in this oor-dinate. This lets us obtain the equation for �UN usingthe method of di�erent sales. An exat equation forazimuthal harmonis with m � 
N=�
N � 1 wasobtained by Leonovih and Mazur [1993℄. Leonovihand Mazur [1997℄ obtained a model equation enabling�UN to be investigated almost throughout the entirerange of wave numbers m (or k2)�Tr1 [(! + iN)2 � 
2TN�r1 �UN � (4)�P k22 �(! + iN )2 �
2PN� �UN = �IN :Here we have introdued the following designations:�T = I rg2g1 H2NA2 dl;�P = I rg1g2 H2NA2 dl;N = �G+N +G�N�Æ�T!2; GN =rg2g1 v��HN�l �2 ;IN = j+N � j�N ; jN = 2pg1g2 �HN�l jkV ;v = 2 os�4��p ; V = �pos�;

where �p is the integral Pedersen ondutivity of theionosphere, � is the angle of magneti delination (seeFigure 1), and jk is the external longitudinal (alonggeomagneti �eld lines) urrent density on the upperboundary of the ionosphere. The plus and minus signsimply that the quantities being onsidered are takenat points where a �eld line traverses the ionosphere ofthe northern and southern hemisphere, respetively.The quantity N is the damping derement of stand-ing waves assoiated with their ohmi dissipation inthe ionosphere (the dissipation is assumed to be weak,N � 
N ). The funtion IN , related to externalurrents on the upper boundary of the ionosphere,represents in this equation the soure of the stand-ing waves in the magnetosphere of interest (for moredetails, see Leonovih and Mazur [1996℄). In the lim-iting ase m� 
N=�
N � 1, (4) transforms to theequations that follows from a rigorous theory (eq.(84)and eq.(96) of Leonovih and Mazur, [1993℄).The frequenies of toroidal 
TN and poloidal 
PNeigenosillations are funtions of the magneti shell(i.e., they depend on the oordinate x1). As shownin our earlier work, the sale of loalization of thewaves under onsideration in oordinate x1, �N , ismuh smaller than the typial sale of variation ofthe funtions 
TN (x1) and 
PN (x1) in this oor-dinate, lN . The region of loalization of the waveslies between two resonant magneti shells x1 = x1TNwhere the soure frequeny oinides with the toroidaleigenfrequeny ! = 
TN (x1TN ) and x1 = x1PN , where! = 
PN (x1PN ):�N = x1TN � x1PN � lN :In the region of loalization of the wave the funtions
TN (x1) and 
PN (x1) an be linearized:
TN (x1) � !�1� x1 � x1TN2lN � ; (5)
PN (x1) � !�1� x1 � x1PN2lN � :The value of the splitting of the resonane surfaes�N is related to the polarization splitting of the spe-trum �
N by the relation �N = lN�
N=!. Substi-tuting (5) into (4) gives��� (� + i")� �UN�� � k2y(� + 1 + i") �UN = �bN ; (6)where the following designations are used: � = (x1 �x1TN )=�N ; ky = k2�Np�T =�P ; " = 2N lN=!�N ;



5and �bN = �IN lN�N=�T!2. Leonovih and Mazur[1997℄ solved (6) for the ase where �IN is indepen-dent of transverse oordinates (x1; x2).In this paper we shall examine the ase where thesoure �IN has an arbitrary struture in transverse o-ordinates. Sine in (6) the oeÆients are linear in �,in solving it we use the Fourier method by substitut-ing �UN in the form�UN (�) = 12� Z 1�1 ~UN (k)eik�dk: (7)On substituting this expression into (6), we obtain for~UN a �rst-order di�erential equation (with respet tok) whih is readily solved. Substituting the resultingsolution into (7) gives�UN (�) = i2� Z 1�1 �bN (�0; ky)d�0�Z 1�1 ei	N (�;k;ky)qk2 + k2y dk Z k�1 e�i	N (�0;k0;ky)qk02 + k2y dk0; (8)where	N(�; k; ky) = k(� + i") + jkyj artan kjkyj :If �bN is independent of �, then the integral taken over�0 leads to the Æ(k0) funtion, and the solution (8)beomes �UN (�) = i �bNjkyj Z 10 ei	N (�;k;ky)qk2 + k2y dk;as obtained by Leonovih and Mazur [1997℄.The solution (8) desribes the Fourier harmoniof the osillations with a �xed value of the azimuthalwave numberm (or k2). If the soure has an arbitrarystruture in azimuthal oordinate, that is,bN(�; �) = 12� Z 1�1 �bN(�; ky)eiky�dky;where � =p�T =�Px2=�N , then a omplete solutionwill have the formUN (�; �) = 1(2�)2 1Z�1d�0 1Z�1bN(�0; �0)VN (�; �0; �; �0)d�0;(9)whereVN = i Z 1�1 dky Z 1�1 ei(	N (�;k;ky)+ky�)qk2 + k2y dk �

Z k�1 e�i(	N (�0;k0;ky)+ky�0)qk02 + k2y dk0represents the transverse struture of the Nth eigen-harmoni of the standing waves exited by a soureof the form Æ(� � �0)Æ(� � �0); where (�0; �0) is thepoint of loalization of the soure.3. Transverse Struture of StandingWaves From a Soure StronglyLoalizedin One of the Transverse CoordinatesIn order to appreiate qualitatively the struture ofthe solution obtained in (9), we onsider two oppositelimiting ases. Let bN in (9) have the form bN =�bNÆ(�� �0)ei�ky�, where �bN is independent of � and �.ThenUN= �BNZ 1�1ei	N (�;k;�ky)qk2 + �k2y dkZ k�1e�i	N (�0;k0;�ky)qk02 + �k2y dk0;(10)where �BN = i�bNei�ky�=2�. Let �ky�N � 1, then bothin the inner integral over k0 and in the outer integralover k the stationary phase method an be used inan approximate alulation [Budden, 1961℄. The sad-dle points �k0 and �k in these integrals are determinedfrom the onditions �	N (�0; k0; �ky)=�k0jk0=�k0 = 0and �	N(�; k; �ky)=�kjk=�k = 0 and have the form�k0 = ��ky�N(�0) and �k = ��ky�N (�), where�N =s� + 1�� : (11)By suessively taking these integrals, we getUN = 2� !lN �BN �vNv0N (�k02 + �k2y)(�k2 + �k2y)��1=2�n�(� � �0)ei	0N + ie�i(	N+	0N ) + �(�0 � �)ei( �	N�	0N )o ;where �(�) is the unit step Heaviside funtion;vN (�; !) = !�ky �NlN (� + 1)1=2�3=2is the group veloity of the Nth harmoni of thestanding waves in oordinate �, v0N = vN (�0; !);	N = 	N(�; �k; �ky); and 	0N = 	N(�0; �k0; �ky). Insidethe region of loalization of the wave (�1 � �; �0 � 0) the �rst term in braes of expression UN desribesthe wave traveling from the point of loalization of



6the soure (� = �0) to the poloidal resonane sur-fae (� = �1), the seond term represents the wavereeted from the poloidal surfae and traveling tothe toroidal resonane surfae (� = 0), and the thirdterm haraterizes the wave traveling from the pointof loalization of the soure to the toroidal surfae.Another limiting ase is the soure loalized azimu-thally at the point � = �0 : bN = �bNÆ(� � �0). Forsuh a soure, we haver2UN = �i �BN1 Z 10 � 1	N (�; �) + � � �0+1	N (�; �)� � + �0 � d�p1 + �2 (12)being a funtion de�ning the radial struture of theB1 and E2 omponents of the wave �eld (see (1)).Here �BN1 = i�bNp�T =�P =2��N , and it is designated	N (�; �) = �(� + i") + artan�:The integral (12) is obtained from (8) by suessiveintegration over �0; �0; k0 and ky and by hanging theintegration variable � = k=jkyj. The funtion r1UNthat de�nes the radial struture of the B2 and E1omponents of the �eld di�ers from (12) by the pres-ene of an additional term � in the integrand and bythe amplitude �BN2 =p�P =�T �BN1.On the basis of the struture of the integrand of(12) it an be said that the main ontribution to theintegral is made by the origin of the integration path0 � � � �� � 1 and of the points �� where thereare singularities de�ned by the zeroes of the denom-inators 	N(�; ��) � (� � �0) = 0. When � < ��, anapproximate expression 	N � (�+1+i")� holds goodfor 	N , and the integral for � � �� is readily evaluatedr2UN j���� � �i �BN1� + 1 + i" ln (� � �0)2 � ��2(� + 1 + i")2(� � �0)2 :This expression involves a singularity when � = �0whih is not regularized by the presene of the dissi-pation ". For this singularity to be regularized, it issuÆient to \spread" somewhat the soure struturein oordinate � using, instead of the Æ(���0) funtionin the expression for bN , the funtionbN (�) = �bN �(� � �0)2 +�2 ;whih yields �bNÆ(� � �0) when � ! 0 . Using suha soure model leads in all preeding alulations tothe substitution � � �0 ! � � �0 + i�.

As far as the two singularities of the integrand areonerned, it an be shown that they represent thepoles at the points � = �N (�), where �N (�) is de�nedby (11) and the oordinate � lies on harateristisde�ned by the equationd�d� = ��N(�): (13)Thus (12) will be determined by the ontribution ofthe region of loalization of the soure � = �0 and bythe waves propagating from suh a soure on hara-teristis of (13).On the basis of these two limiting ases one wouldexpet the following distribution pattern of the �eldof osillations exited by the soure loalized in bothtransverse oordinates. A loal maximum in the dis-tribution of the osillation amplitude must be ob-served at the point of loalization of the soure (�0; �0).If the soure lies inside the region of loalization of thestanding wave (�1 � �0 � 0), then the resonanesurfae must show amplitude maxima at points oftheir intersetion by harateristis passing throughthe point of loalization of the soure. Also, sinetwo harateristis orresponding to di�erent signs in(13) pass through a given point (�0; �0), loal max-ima on resonane surfaes will be symmetri about� = �0.4. Transverse Struture of StandingAlfven Waves From a Loalized SoureIn setion 3 we have analyzed qualitatively thepropagation of standing Alfven waves from the sourein the ionosphere loalized in one of the transverseoordinates x or y. In this setion we shall integratenumerially the solution (9) for the ase where thesoure is strongly loalized in both transverse oordi-nates. For the sake of de�niteness, we shall onsiderthe transverse propagation of the waves projetedonto the ionosphere of the northern hemisphere. Sinethe soure is strongly loalized, the integration over�0 and �0 in (9) is transferred entirely to the sourefuntion bN(�0; �0), and in the expression for VN thesubstitution �0 ! �0 and �0 ! �0 is made. As a re-sult, the expressions for the omponents of the �eldof the generated waves projeted onto the ionospherehave the formEXN = EN I1 os�qg(i)1 ; EY N =r�T�P EN I2qg(i)2 ; (14)



7BXN =r�T�P BN I2 os�qg(i)2 ; BY N = �BN I1qg(i)1 ;where EN = ANH(i)N and BN = iAN(�HN=�l)(i)=!are the harateristi amplitudes of the eletri andmagneti �elds of the osillations,AN = 2 lN!2 ��HN�l �(i) os�p�P�T�2N 1Z�1 1Z�1 jk(x; y)�P dxdy;and the index (i) implies that the respetive quan-tities are taken on the upper boundary of the iono-sphere.The oordinates x and y have on the ground thediretions from south to north and from west toeast, respetively (see Figure 1). They are relatedto the dimensionless oordinates � and � by the rela-tions x = ��(i)N and y = �p�P =�T�(i)N os�, where�(i)N = �Nqg(i)1 = os� is the distane between theresonane shells projeted onto the ionosphere. Thedimensionless funtions I1(�; �) and I2(�; �) desribethe distribution of the osillation �eld in dimension-less oordinates � and �:I1 = Z 1�1 �d�p1 + �2 �Z ��1 d�0p1 + �02 � 1(~� + � + i�)2 + 1(~� � � + i�)2 � ;I2 = Z 1�1 d�p1 + �2 �Z ��1 d�0p1 + �02 � 1(~� + � + i�)2 � 1(~� � � + i�)2 � ;where~� = �(� + i")� �0(�0 + i") + artan�� artan�0;�0 is the shell, on whih the soure is loalized, � isthe harateristi sale of its loalization in oordinate�, and it is assumed that �0 = 0.In numerial alulations we used a dipole modelof the geomagneti �eld, in whih a length elementalong a �eld line has the formdl = a os �p1 + 3 sin2 �d�;where a is the equatorial radius of the �eld line and� is the angle between the radius of the point on the�eld line and the equatorial plane. The geomagnetilatitude � and the equatorial radius a are related by

the relation os2 � = a=ri, where ri is the radius ofthe ionosphere. The angle of magneti delination isde�ned as � = aros p1� ri=ap4� 3ri=a :The metri tensor omponents in dipole oordinateshave the formg1 = os6 �(1 + 3 sin2 �)�1; g2 = a2 os6 �:In addition, we used the following model for theAlfven veloity distribution in the meridional planeA =A0(a0=a)�[�(�)℄� , where � = (1 + 3 sin2 �)1=2= os6 �.This model neglets an abrupt veloity jump on theplasmapause, but it reprodues reasonably well thebehavior of A in the greater part of the dayside mag-netosphere with the following hoie of the parame-ters: A0 = 103 km/, a0 = 4RE = 2:5 � 104 km,� = 3=2; and � = 1=4. The typial sale of varia-tion of the funtions 
TN and 
PN is de�ned in thisase as lN = (� ln tA=�a)�1 = a=�. The small pa-rameters that regularize the solutions were taken tobe " = 10�1 and � = 10�1, whih implies a small dis-sipation of the waves in the ionosphere and the small-ness of the sale of loalization of the soure omparedwith the sale of loalization of the wave �N .Results of our alulations are presented in Fig-ures 2 and 3. Figure 2 shows the amplitude distribu- Figures 2 and 3tions of the eletri �eld of the osillations Et =pjEXN j2 + jEY N j2 in oordinates � and �, with thetypial unit amplitude of the osillations jEN j = 1. Itshould be noted that in the zero order of the WKB ap-proximation (2) the equality H(i)N � HN (x; l�; !) = 0holds for the ionosphere, so that jEN j = 0 musthold. However, this expression has only an approxi-mate value aurate to small parameters determinedby a small dissipation of the waves in the ionosphere.An exat value of jEN j 6= 0. Four di�erent ases ofthe loation of the osillation soure are onsidered:in the opaity region behind the toroidal resonanesurfae (�0 = 1, Figure 2a), on the toroidal surfae(�0 = 0, Figure 2b), on the poloidal resonane sur-fae (�0 = �1, Figure 2), and in the opaity regionbehind the poloidal surfae (�0 = �2, Figure 2d).In the four ases the toroidal surfae (� = 0) andthe point of loalization of the soure (� = �0 and� = 0) manifest themselves quite learly. This anbe understood on the basis of our earlier papers,Leonovih and Mazur [1993, 1997℄. In the ase of asmall dissipation of the exited waves their amplitude



8on the toroidal resonane surfae is muh larger thantheir amplitude on the poloidal surfae. Besides, forharmonis with m < lN=�N the poloidal surfae isnot distinguished by anything at all, whereas on thetoroidal surfae the osillation amplitude has a singu-larity of the type of �eld line resonane regularized bythe small parameter ". At the point of loalization ofthe soure the amplitude also has a singularity reg-ularized by the small parameter � . By inreasingthese parameters, it is possible to derease the osil-lation amplitude in these regions making it ompa-rable with the amplitude on the poloidal surfae. Inthis ase, however, the overall amplitude of the osil-lations will beome so small that it will be next toimpossible to observe them.A further distintive feature of Figure 2 is thatwhen the soure is in the transpareny region of thewave (�1 � �0 � 0), the osillation amplitude ismuh larger ompared with the soure loated inopaity regions. This means that harmonis withm � lN=�N � 1 have the deisive role in the os-illations exited by a strongly loalized soure. Thisis also indiative of the presene of two loal max-ima on the toroidal surfae when the soure is loal-ized on the poloidal surfae. As follows from resultsreported in setion 3, these maxima are assoiatedwith the waves propagating from the soure alongthe harateristis desribed by (13). Just the os-illations with m � lN=�N are running waves andan be traveled along the harateristis (13). There-fore these osillations, being exited inside the trans-pareny region, an reah resonane surfaes withoutderease of the amplitude. When the soure �nds it-self on the toroidal surfae, the length of the hara-teristis beomes zero, and the three maxima mergeto one. When the soure of osillations is loatedin the opaity region, the amplitudes of harmoniswith m � lN=�N exponentially derease in the di-retion to transpareny region and they pratially donot ontribute to ommon osillation amplitude. Inthis ase there is only ontribution of harmonis withm � lN=�N , whih have struture of a type �eld lineresonane and are not traveled aross magneti shells.Figure 3 presents the hodographs of the osillationsfor three ases of the soure loation inside the trans-pareny region: on the toroidal surfae (�0 = 0, Fig-ure 3a), between the resonane surfaes (�0 = �0:5,Figure 3b), and on the poloidal surfae (�0 = �1,Figure 3). Polarization ellipses are presented onthe bakground of a map of lines of equal ampli-tude level, similar to the one in Figure 2. By rep-

resenting the omponents of the eletri �eld of theosillations obtained by a numerial integration asEX = RXei('x�!t) and EY = RY ei('y�!t), osil-lation hodographs an be onstruted from the realparts of these expressionsReEX = RX os�;ReEY = RY os(�+�');where � = 'x � !t is the hanging phase, �' ='y � 'x. Noteworthy in Figure 3 is primarily a learmanifestation of the toroidal polarization of the os-illations on the toroidal surfae (jEX j � jEY j). Atthe same time the polarization of the osillations inthe region of loalization of the soure has a tendenyto a poloidal polarization (jEX j<�jEY j). When thesoure is loated inside the transpareny region, thepolarization tends to the linear polarization towardthe toroidal surfae and to the irular polarizationtoward the poloidal surfae.5. The Possibility of Measuring thePolarization Splitting of the SpetrumofAlfven Eigenosillations of theMagnetosphereThe arti�ial stimulation of geomagneti pulsa-tions through a periodi modi�ation of the iono-sphere (with the frequeny of Alfven eigenosillationsof the magnetosphere) ould be used to measure thesplitting of the resonant shells of the magnetosphere�(i)N and the related polarization splitting of the spe-trum �
N = 
TN � 
PN . Of ourse, this requiressetting up a suÆiently dense observation network(spaed by �(i)N =2, �(i)N =4) in the neighborhood ofthe osillation soure. Yet this is a distint possi-bility if an HF radar is used in observations, as donein a paper by Walker et al. [1982℄. If the region ofionospheri modi�ation is muh smaller than �(i)N ,the theory suggested in this paper an be used to de-sribe the �eld of the exited osillations.The most likely ourrene in suh an experimentis the penetration of the soure into the transparenyregion between the resonane surfaes. When thesoure is loated in the opaity region, the amplitudeof the exited osillations will be insuÆiently largefor observations, and the loation exatly on the res-onane surfaes is unlikely. When the soure is inthe transpareny region, three loal maxima of theosillation amplitude must be observed: one whih



9is assoiated with the osillation soure and the othertwo whih are symmetri about y = 0, on the toroidalsurfae (see Figures 3b,3). The distane between themaxima is readily alulated by the equation of har-ateristis (13). Upon integrating it, we obtain�� = 2 Z ��=20 d� = 2 Z 0�0 �N (�)d� =2�p��0(1 + �0) + arsinp��0� : (15)Equation (15) is useful for determining the value ofthe splitting between the poloidal and toroidal sur-faes �(i)N , based on experimentally measured dis-tanes between loal peaks on the toroidal surfae�Y N = p�T =�P���(i)N and from the point of lo-alization of the soure to the toroidal surfae �0 =��0�(i)N . We have�Y N = 2r�T�P �q�0(�(i)N ��0)+�(i)N arsinq�0=�(i)N � ; (16)where 0 < �0 < �(i)N . Equation (16) impliitly de-�nes the value of the splitting of the resonane sur-faes �(i)N . When the soure is loated on the toroidalsurfae (�0 = 0) �Y N = 0; that is, all loal max-ima merge into one. When it is loated on the poloidalsurfae (�0 = �(i)N ), we have �Y N = ��(i)N ; the dis-tane between the maxima on the toroidal surfae islargest (the ratio �T =�P � 1 at all geomagneti lati-tudes).Upon determining �(i)N by this means, it is alsopossible to infer the polarization splitting of the spe-trum �
N = 
TN �
PN = �(i)Nl(i)N !; (17)where l(i)N is the typial sale of the magnetospheriplasma inhomogeneity aross the magneti shells pro-jeted onto the ionosphere. In our ase it is the typ-ial sale of variation of the funtions 
TN (x) and
PN (x).To give an idea of the value of the parameters un-der investigation, Figures 4 and 5 plot the alulatedFigures 4 and 5 values of �(i)N and 
TN versus geomagneti latitude� for the �rst �ve harmonis of the eigenosillationsof the magnetosphere. These alulations were donein terms of a model of the medium reported in this

paper on the basis of equations obtained by Leonovihand Mazur [1993℄. It must be emphasized one againthat the omputational model under onsideration ne-glets an abrupt hange of magnetospheri parame-ters at the plasmapause. Therefore the results pre-sented in Figures 4 and 5 annot be used in esti-mating the parameters of our onern diretly in theneighborhood of the plasmapause. However, at thedistane �(3Æ-5Æ) in latitude from the plasmapauseloation, the above results give reasonably orret es-timates of the mean values of �(i)N and 
TN both inthe outer magnetosphere and in the plasmasphere.Noteworthy in Figure 4 is an anomalously largevalue of �(i)1 � 800 km ompared with other �(i)N (N =2; 3; 4; 5) � 10 � 50 km of the osillations. This fur-nishes an opportunity to use a less dense observa-tion network and possibly even ground-based mea-suring failities. However, the amplitude of this har-moni must be smaller than that of the other har-monis, with the equal power of the soure, beauseEN � ��2N . It follows from Figure 5 that the exita-tion of eigenosillations is the easiest to aomplish atlow latitudes in view of an inrease in their eigenfre-queny beause the monohromati soure must op-erate during a reasonably large number of periods.ConlusionThe main results of this work may be summarizedas follows.1. We have obtained the solution of MHD equa-tions desribing the spatial struture of monohro-mati standing Alfven waves in the magnetosphereexited by a soure loalized in the ionosphere.2. The behavior of the waves exited by the soureloalized in one of the transverse oordinates has beenstudied qualitatively. It has been shown that the mainpart of the wave paket from a loalized soure prop-agates along harateristis desribed by (13).3. A numerial study was made of the transversestruture of standing Alfven waves exited by a trans-versely loalized monohromati soure in the iono-sphere. It has been shown that loal maxima mustbe observed in the osillation amplitude distributionaross �eld lines. If the osillation soure lies betweenthe poloidal and toroidal resonane surfaes, wherethe osillation amplitude is maximal, three loal max-ima must be observed: one in the soure loalizationregion and the other two on the toroidal resonanesurfae whih are related to the wave soure by theharateristis of (13).



104. It has been shown that it is possible to mea-sure experimentally the polarization splitting of thespetrum of standing Alfven waves into toroidal andpoloidal eigenmodes. When the three loal maximain the osillation amplitude distribution on the iono-spheri surfae are observed, we an measure the dis-tane between the maxima on the toroidal surfae,�Y N , and the distane from the soure-assoiatedmaximum to this toroidal surfae, �0. Then it ispossible to determine (equation (16)) the splittingbetween the poloidal and toroidal resonane surfaesprojeted onto the ionosphere, �(i)N . After that, using(17) one an determine the polarization splitting ofthe spetrum of magnetospheri Alfven eigenosilla-tions between the poloidal and toroidal modes �
N .Aknowledgments. This work is partially sup-ported by the Russian Foundation for Fundamental Re-searh (grant 96-05-16126-a). We are grateful to V.G.Mikhalkovskyfor his assistane in preparing the English version of themanusript and for typing the text.The Editor thanks Brian J. Fraser and Mark Engebret-son for their assistane in evaluting this paper.
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Figure 1. Three oordinate systems onneted with geomagneti �eld lines: (x1; x2; x3), urvilinear orthogonaloordinate system; (n; y; l), loal Cartesian oordinate system in the magnetosphere; and (x; y; z), loal Cartesianoordinate system near the ionosphere.
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Figure 2. Amplitude distribution of standing Alfven waves exited by a strongly loalized monohromati sourein dimensionless radial (�) and azimuthal (�) oordinates. Four possible ases of the soure loation are onsidered:(a) in the opaity region behind the toroidal surfae, (b) on the toroidal resonane surfae, () on the poloidalresonane surfae, and (d) in the opaity region behind the poloidal surfae.
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Figure 3. Distribution of hodographs of standing Alfven waves (in eletri �eld osillations) in the plane of thedimensionless radial (�) and azimuthal (�) oordinates in the ionosphere: (a) soure on the toroidal resonanesurfae (�0 = 0), (b) soure between the poloidal and toroidal resonane surfaes (�0 = �0:5), and () soure onthe poloidal resonane surfae (�0 = �1).
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