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Abstract. We study ponderomotive effects induced by the electromagnetic ion
cyclotron (EMIC) waves in the Pcl frequency band (0.2 to 5.0 Hz) in a two—ion
(H' and one heavy ion, e.g., He') plasma. Near the dayside boundary of the
magnetosphere, the ponderomotive forces lead to a noticeable accumulation of cold
plasma along the field line in two regions of minimum magnetic field intensity
located symmetrically around the equator. In the inner magnetosphere, one
maximum of cold plasma at the equator is found. At frequencies less than the
heavy ion gyrofrequency, the accumulation of cold plasma increases with increasing
heavy ion concentration. At frequencies above the heavy ion gyrofrequency, the
ponderomotive forces due to EMIC waves are enhanced because of a resonance at
the stop band frequencies. We investigate the stop band structure of EMIC waves in
a nondipolar magnetosphere and discuss the properties of wave propagation along

the field line for different heavy ion plasma concentrations.

1. Introduction

Considerable attention has been paid to study the in-
fluence of heavy ions (mainly oxygen and helium) on the
dynamics of electromagnetic ion cyclotron waves in the
Pcl frequency range (0.2 to 5.0 Hz). Using the search—
coil magnetometer and particle spectrometer data on-
board GEOS 1 and ATS 6 satellites, Young et al. [1981]
and Mauk et al. [1981] came to the conclusion that
EMIC waves are strongly controlled by the dynamics
of heavy ions. Later on, Fraser et al. [1986] obtained
similar results using ISEE 1 and 2 data.

The propagation of EMIC waves along magnetic field
lines in a heavy ion rich plasma is characterized by the
reversal of polarization and the splitting of spectrum
into two branches, the high-frequency branch w > §;
(€; stands for the heavy ion gyrofrequency) and the
low-frequency branch w < ;. The two branches are
separated by a stop band whose width is roughly Aw =
Q;(N;i/N)[(m;/mp) —1]. Here m, and m; stand for pro-
ton and heavy ion masses, respectively, and N is the to-
tal plasma density (N = N, = N, + N;). Observations
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onboard the GEOS 1, 2 satellites [ Young et al., 1981]
have shown that EMIC wave spectra are concentrated in
the vicinity of the equatorial He™ gyrofrequency. These
observations also showed that there is an inverse con-
nection between increases in He™ concentration and the
occurrence of Pcl events on ground, thus verifying the
important role of Het ions for the generation and prop-
agation of EMIC waves.

It is well known by now that ponderomotive forces
induced by EMIC waves can significantly affect the
plasma balance in the Earth’s magnetosphere [see, e.g.,
Allan, 1992, 1994; Guglielmi et al., 1995; Guglielmi
and Pokhotelov, 1996; Witt et al., 1995; Pokhotelov
et al., 1996]. It was demonstrated that if the ampli-
tude of EMIC waves exceeds a certain critical value, a
pronounced maximum of plasma density is formed in
the vicinity of minimum magnetic field intensity along
the wave trajectory. Pokhotelov et al. [1996] studied
ponderomotive forces near the dayside magnetospheric
boundary, where the geomagnetic field changes, when
moving radially outward, from a V-type structure with
one intensity minimum to a W-type structure with two
minima (so called magnetic holes) along the field line.
They showed that the ponderomotive forces can lead
to a plasma accumulation in the vicinity of these mag-
netic holes. On the other hand, Feygin et al. [1997]
studied the ponderomotive forces at different magnetic
local times and showed that when moving away from
the noon meridional plane close to the dayside bound-
ary, the plasma density distribution along the field
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line varies from two off-equatorial maxima at noon to
one equatorial maximum outside the noon. They also
proposed that the ponderomotive forces due to EMIC
waves may form high-density plasma clouds far outside

the plasmasphere, similar to the regions of detached

plasma.

In all studies mentioned above the effects of pondero-
motive forces have been treated by assuming one ion
species (HT) only. The present study is the first to in-
vestigate the effects of ponderomotive forces in a plasma
including heavy ions. In the following section the rele-
vant, theoretical formulation is presented, assuming one
heavy ion species in addition to H' ions. This assump-
tion is valid, for example, during quiet geomagnetic con-
ditions when the effect of He™ ions is important but the
heavier ions can be neglected. In section 3 we estimate
some of these results numerically. We discuss the pon-
deromotive forces and wave propagation in a nondipolar
magnetic field in section 4. Finally, section 5 presents
our conclusions.

2. Basic Equations

Similarly to Pokhotelov et al. [1996], our analysis
is based on the analytical model of the Earth’s mag-
netic field presented by Antonova and Shabanskii [1968].
This model was shown by Antonova et al. [1983] to be
in good agreement with magnetic field observations by
the HEOS 1 and 2 satellites in the dayside magneto-
sphere. According to this model the geomagnetic field
is modeled by a superposition of two dipoles: the inter-
nal dipole with magnetic moment M and an additional
dipole with magnetic moment kM. The latter dipole
models the distortion of the dipole magnetic field caused
by the solar wind pressure.

In a spherical coordinate system, the magnetic field
components of this model can be written in the follow-
ing form:

oU 10U
B, = -Z Bg=—-Z_ B
™ 67" (S] rae? A
1 oU
" rsin® o’ 1+ Uy, (1)
Uy :Jf—"cose @)
kBgrcos©
U; = 3
27 (#2 + a% — 2arsin © cos A)3/2’ ®)

where 7 is the geocentric distance (in Earth radii, Rg),
a is the distance between the internal and additional
dipole, O is the polar angle, ) is the geomagnetic longi-
tude measured from the line connecting the two dipoles
(A = 0° is the local noon), and By = 3 x 107°T is the
equatorial magnetic field intensity at the Earth’s sur-
face.
Magnetic field lines are determined by

o B 90 1B o\ 1 B,
ds B’8s r B’8s rsin® B’
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where ds stands for the field line element. Below we
will use the values a'= 33 and k = 13, which locate the
magnetospheric boundary in the noon meridional plane
at 10 Rg. (The axes of the two dipoles are assumed to
be parallel to each other.) In the outer dayside mag-
netosphere close to noon, the magnetic field intensity
along the field line has two minima located symmetri-
cally with respect to the equator. When moving away
from the noon meridional plane, the influence of the
additional dipole which models the action of the solar
wind becomes weaker and the two minima smoothly
transform to one equatorial minimum.

Now let us consider the action of the ponderomo-
tive forces induced by EMIC waves propagating along
the magnetic field lines. Nonlinear interaction of large-
amplitude EMIC waves with background plasma in a
magnetic field having significant spatial gradients leads
to the appearance of an electromagnetic force called the
ponderomotive force. The field-aligned component of
this force has the following form [Guglielms et al., 1993;
Guglielmi and Pokhotelov, 1996]:

2;;6 ViiBy + (€ap = 6ap)V | £ Epl

(5)
where E = (1/2)[E° exp(—iwt) + E** exp(iwt)] is the
wave electric field, €, is the dielectric permittivity ten-
sor, 6q is the Kronecker symbol, ¢ is the speed of light,
and po is the permeability of free space. (In the follow-
ing the superscript 0 will be omitted from E.)

The terms on the right-hand side of (5) refer to the
field-aligned components of Pitaevskii force and Miller
force, respectively [see, e.g., Guglielmi and Pokhotelov,
1996]. In the following, we will rearrange (5) using the
relation b = nE/c, where b is the wave magnetic field,
n is the refraction index, and ¢ is the speed of light. E,
B, and n are evaluated at the equatorial crossing of the
field line. Moreover, we use the relation E ~ (B/n)!/2,
which is a simple consequence of Faraday’s law and the
energy flux conservation.

We consider a plasma which consists of electrons, pro-
tons and one heavy ion species. The refractive index for
left-hand circularly polarized electromagnetic waves in
such a two—ion plasma is given by [see, e.g., Guglielmi
and Pokhotelov, 1996):

fi= Cz Tz BB g

2 2

N, w
ne14 —ep i Ypp 6
Q(Qp —w)  Np Qp(Q —w) ©)

where wyy, is the proton plasma frequency. The operator
V| in (5) can be replaced by (1/ Rg)(dz/ds)d/dx where
the field line element is given as follows:

ds = [r?/(1 — %) + (dr/dz)? +r*(1 — z%)(d)/dz) %)/ 2dx
(7)
and z = sin(90° — ©).
Taking into account the above expressions we may
now rewrite the field-aligned component of the pondero-
motive force (5) as follows:
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where P = p,/pp0, I = pi/ p',,o, p stands for plasma
mass density, « =1+ (I/P)(1 —1p)/(1 —1v;), and v =
w/€2. Subscript 0 refers to values close to the equator.
Subscripts p and i correspond to proton and heavy ion,
respectively. For I = 0 the expression (8) reduces to the
well-known equation for a single-ion plasma [see, e.g.,
Feygin et al., 1997]. '

The equation of plasma force balance in the field—
aligned direction takes the form

(9)

where p = p, + p; = Nymy, + Nymy, ¢s = (Tefs/m)*/2,
m == (m,,+m,~)/2 and Tgff = (NhTh—I-NcTC)/(Nh-l-Nc),
where subscripts h and c refer to the hot and cold plas-
mas, respectively. T is plasma temperature. Finally,
the field-aligned component of the gravity force is

Ve = pgy + fy

B
g = Er% (10)
where g = 9.8 m/s? and B, and B are defined by the
relations (1)—(3). Substituting (8) and (10) into (9) we
find the following first-order differential equation which
determines the distribution of plasma density along the
field line in a two-ion plasma:

PY2Y (P + 1) + A3[V.P + ((11 _”’f’)) V1|
= A PV2(P +1) + A, P[1 + 1{, Y ((T_Z—’f;z] (11)
Vp 1
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3. Numerical Analysis

We have integrated (11) using the Runge-Kutta method
and the boundary condition P = 1 at £ = 0. Figure
1 displays the location of the density maxima at dif-
ferent L shells for a pure proton plasma (/=0) (a) in
the noon meridional and (b) in the off-noon meridional
plane (A = 20°). We have taken the square of the sound
velocity ¢z = 5 x 10% mz/sz, the plasma mass density
at the equator py = 1.67 x 10720 kg/m3, v,, = 0.2,
and bp = 5 nT. It should be noted that the bifurca-
tion starts closer to the Earth in the noon meridional
plane than away from it. Moreover, the transition from
the case of one equatorial density maximum to two off-
equatorial maxima occurs more sharply in Figure 1b.
These effects are connected with the weaker influence
of the solar wind pressure outside the noon meridional
plane.

Figure 2 depicts the distribution of normalized proton
density along the field line for different values of I, the
normalized heavy ion density averaged over the field
line. Other parameters are c2 = 5 x 10 m?/s%, po
=1.67 <1072 kg/m?, 1, = 0.2,bp = 5nT, and A =0°.
Figure 2a corresponds to L = 6 and Figure 2b to L =
9.5. Note that we have assumed here v;, < 1, whereby,
together with the assumption 1y, = 0.2, this case only
applies for the case of Het ion. It is evident that as
I,,, is increased, the ponderomotive effect becomes more
pronounced both at a lower L shell with one maximum

5 7 9
L

-
w
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L

Flgure 1. The posmon of the proton density maximum for different L shells in the absence of
heavy ions (I=0) (a) in the noon meridional plane (A = 0°), and (b) at the longitude X = 20°.
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4. Discussion

It was demonstrated above that heavy ions may sig-
nificantly modify the action of ponderomotive forces.
‘We have restricted ourselves in this paper to the case
of one heavy ion only, with a particular attention to
helium ions. Also, we only studied field-aligned prop-
agation. It is well known that in cold plasma without
heavy ions the L mode EMIC wave is guided while the R
mode remains unguided. In the presence of heavy ions,
the L mode exhibits resonant behavior near the helium
0o gyrofrequency and the cutoff frequency. The latter one
o1 can be found from (6) tobe Feg, = Q.+ (143n0), where
02 No = NHe;r /No. The stop band is located between these
03 = two frequencies where the L mode is evanescent.
0.4 In a two-ion plasma studied here, the behavior of the
| / 0,5’ ponderomotive force becomes complex. In particular,
[y also has resonances. In the dipole field model, the
first resonance is at ;3 = V;0 = 1, and the second one is
at vy = v;0 =1+ 3np = 14+ 31p/(4 + Ip). Thus the pon-
deromotive forces in the equatorial region have the same
stop band as for EMIC wave propagation. This is quite
evident since the ponderomotive forces are induced by
EMIC wave propagating along the field line. At large
7o, the width of the stop band increases, narrowing the
propagation region of EMIC waves with v; > 1, and
decreasing the plasma density accumulation compared
to the case of ;5 < 1. For nonequatorial region in the
case of > 1, the value o can also become a singularity.
Therefore, at frequencies w > Fiy,, the ponderomotive
forces have a resonance (i.e., become infinite) at the
following frequency:

w=Fy5 = QHe;r(l + 3m) (15)

X
Figure 2. The normalized proton density along the s
. . . 0 q’%’:ﬁé
field line as a function of z = sin(90° — ©) and the S e E o AN
. . . ULLL L P A
mean normalized helium density (I,,) at noon (A = 0°%) Y adas i 52555;,,‘5,'5,:5#

in the case of v; < 1 at (a) L = 6 and (b) L = 9.5. 2 ‘);5"'#& Sa i SO0
(Note that the I,,, axis runs in opposite direction in the L,
two figures.)

(Figure 2a), as well as at a higher L shell with two
maxima (Figure 2b).

The similar distribution of a normalized proton den-
sity in the case of He™ ions with v;, > 1 (v, = 2.0;
Vp, = 0.5) is depicted in Figure 3 for L = 9 using the
same parameter values as above. Moreover, Figure 4
shows the distribution of normalized proton density as
a function of L value, taking I,, = 0.5 and v;, = 2.0,
and other parameters as in Figure 3. The case of 1; > 1
is more difficult for numerical analysis than the case of X

v; < 1 because of the singularity « = 0 in the denomi- Figure 3. The same as in Figure 2 but for the case
nator of (14). v; > 1 (Viy = 2.0; 1, = 0.5) and L =9.0.
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Figure 4. The normalized proton density along the
field line as a function of 2 = sin(90° — ©) and L value
at noon (A = 0°) for I,, = 0.5 and v; > 1.

where 7, = Ny+;/Ni, Fep1 is the local cutoff frequency
(subscript I refers to local off-equatorial values). The
value of the resonant frequency is determined by the
plasma condition at each point on the field line, de-
pending on the influence of ponderomotive forces. The
analysis of the expression for the ponderomotive force in
the two-ion plasma (8) shows that the largest values of
the forces for w > F¢, are not attained at the equator as
found for single-ion plasma [Guglielmi and Pokhotelov,
1996] but close to the region where w ~ Fif;.

Now let us discuss the problem of EMIC wave propa-
gation along a nondipolar field line in a two-ion plasma,
and the action of ponderomotive forces in such a plasma.
As discussed above, the dayside geomagnetic field changes
smoothly from a V-type structure with one intensity
minimum to a W-type magnetic field structure with two
intensity minima along the field line. One can analyze
the dispersion equation (6) in such a field in a He*t-rich
plasma using a schematic diagram of Figure 5 which
displays the effects of wave propagation from equato-
rial region to higher magnetic latitudes at high L close
to the noon.

In a nondipolar magnetosphere the stop band struc-
ture of EMIC waves differs from that of dipolar field
lines (see Figure 5). In the dipolar magnetosphere,
the minimum resonant frequency equals w = QHeg' =
F; while in the nondipolar magnetosphere the mini-
mum resonant frequency is determined by Fy = Q + ,
where the minimum magnetic field in Qy _+ ter
mined by (1)—(3). Thus only waves withmi’;equencies
w < F, can easily reach the Earth’s surface. There-
fore it is possible to suppose that EMIC waves with
frequencies F5 < w < F; exist in the near-equatorial
region close to the dayside magnetospheric boundary,

is deter-
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but can not propagate to the Earth’s surface. Such an
effect does not exist in the dipolar magnetic field, where
all the waves with frequencies w < Fj can propagate to
the Earth’s surface.

The conditions of EMIC wave propagation have a
strong influence on the redistribution of plasma density
along the field line. For w > Fy,, the effect of pondero-
motive forces is enhanced when the stop band width
becomes smaller, i.e., when 7 is decreased. This is con-
nected with an extended EMIC wave propagation range
and, correspondingly, with an extended range of the
ponderomotive force which causes the denser plasma to
move from lower altitudes along the field line to the
magnetic field minimum. At very small values of 7, the
effect of thermal motion of heavy ions should also be
taken into account. Nekrasov [1988] demonstrated that
for typical magnetospheric parameters the helium ions
having the energy of the order of a few eV do not form
stop bands if their concentration is small, 7 < 10~2, In
this case, EMIC waves with frequencies which coincide
with the helium gyrofrequency will propagate through
the cyclotron resonance, partially losing energy.

5. Conclusion

We conclude by summarizing the main results ob-
tained in this paper: (1) We have derived general for-
mulas for the ponderomotive force induced by electro-
magnetic ion cyclotron waves in a plasma containing
protons and one heavy ion species. (2) We have esti-
mated the effect of the ponderomotive force during quiet

T

-0.4 0.0 0.4 X

Figure 5. Schematic presentation of effects affecting
wave propagation from the equator to higher geomag-
netic latitudes in a nondipolar magnetosphere close to
the dayside magnetospheric boundary. The shaded area
corresponds to the the forbidden frequency band (stop
band) for L mode EMIC waves due to heavy (e.g., he-
lium) ions. Fj is the equatorial helium gyrofrequency,
F.4, is the equatorial cutoff frequency, and F: is local
helium gyrofrequency in the region of minimum mag-
netic field intensity.
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geomagnetic conditions when the helium ions are the
dominant heavy ion species and affect the EMIC waves.
(3) For frequencies less than the helium gyrofrequency,
the ponderomotive force effects are increased with in-
creasing concentration of helium ions. We verify the re-
sult obtained earlier for the case of no heavy ions that
plasma is accumulated around the regions of minimum
magnetic field intensity. Close to dayside boundary of
the magnetosphere this leads to two density maxima lo-
cated symmetrically with respect to the equator. (4) If
the wave frequency approaches the boundary frequency
of a stop band formed by the heavy ion, ponderomotive
force has a singularity and may be greatly amplified.
(5) We discuss the propagation of the L mode EMIC
waves from the equatorial to higher magnetic latitudes
in a nondipolar magnetic field. We note that in this
case there is a range of frequencies below the equatorial
helium gyrofrequency where the L mode can not prop-
agate to Earth’s surface. Accordingly, the ponderomo-
tive forces can have a singularity both for frequencies
above and below the equatorial helium gyrofrequency.
This effect is missing in a dipolar magnetosphere.
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