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Abstract. The new phenomenological model of a prediction of perpendicular anisotropy index of charged
particle pitch angle distribution at geostationary (geosynchronous) orbit (GEO) in the Earth’s magneto-
sphere, and also in any circular orbit depending from the local time LT in an orbit and the geomagnetic
activity index Kp is offered. Comparison of model with the numerous experimental data is lead. It
is proved, that the general analytical dependence of perpendicular anisotropy index of charged particle
pitch angle distribution on GEO received as a first approximation can be used for conditions of mag-
netically quiet time for quantitative forecasts and comparisons with experimental data on GEO. The
nonlinear effect is theoretically predicted for a difference between the maximal value of perpendicular
anisotropy index of charged particle pitch angle distribution and the minimal value of perpendicular
anisotropy index (in local midnight LT = 0 h) on GEO from the Kp-index of geomagnetic activity.
The nonlinear effect for anisotropy of charged particle pitch angle distribution will be, possibly, to some
extent and on other radial distances from the Earth.

Keywords: geostationary orbit, new model, anisotropy dynamics of charged particles, data of the
CRRES satellite, nonlinear effect.

Citation: S.V.Smolin, Nonlinear Effect for Anisotropy of Charged Particle [=]3=: =]
Pitch Angle Distribution at Geostationary Orbit, J. Sib. Fed. Univ. Math. Phys., 2024, :
17(5), 644-653. EDN: VXURMY. ]
Introduction

The charged particle pitch angle distribution is dependence a differential flux of particles j
from a local pitch angle of particles « in the range from 0°up to 180°. It is the important
characteristic for the charged particles in velocity space in the Earth’s magnetosphere.

In the monography [1] for the description different meeting in the magnetosphere of pitch
angle distributions was offered following distribution

Jjla) =71 sin?(®) a, (1)

where j, is the perpendicular (o = 90°) differential flux of charged particles.

The equation (1) differs from standard by that an anisotropy index (or a parameter) of pitch
angle distribution not is a constant (v = const), and it is function from «a (y = v («)).

For the range of pitch angles 0° < a < 90° 7 («) it is possible to find under the formula

(o) = DI &)
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For oo = 90° the equation (2) gives the relation 0/0, therefore we find a limit for v at a« — 90°,

d
using the rule of Lopitalya and considering, that (di) =0
1
1 [ d?%j
Y=g ( dOéQ)L (3)

The perpendicular anisotropy index (parameter) of pitch angle distribution v, , presented to
a general view the formula (3), is the exact indicator of type of pitch angle distribution and
in this its great value. Particularly, if pitch angle distributions are normal or type "head and
shoulders" — ~, > 0. If v, = 0, it will already correspond isotropic or "flattop" pitch angle
distribution. And at last, pitch angle distributions of type "butterfly". In this case — v, < 0.
Such representation (3) is exact at definition of the moment of occurrence of butterfly pitch angle
distribution.

The literature on pitch angle distributions of the charged particles and anisotropy of pitch
angle distributions is extensive, for example [1-13]. From the review for last years it is visible,
that statistical and empirical models of anisotropy of charged particles pitch angle distributions
are, and the analytical mathematical models based on the physics and describing a perpendicular
anisotropy index of charged particles pitch angle distribution, possibly, no.

Therefore the purpose of the given work is mathematical modeling an anisotropy index of
charged particles pitch angle distribution at geostationary (geosynchronous) orbit (GEO) in the
Earth’s magnetosphere in the form of: 1) the new mathematical model based on the physics
and describing a perpendicular anisotropy index of charged particles pitch angle distribution on
GEO depending from the local time LT on GEO and the Kp-index of geomagnetic activity, 2) the
analysis of consequences of the offered analytical model and 3) nonlinear effect for anisotropy of
charged particle pitch angle distribution.

1. Mathematical model

As a first approximation dependence of a perpendicular anisotropy index of charged particles
pitch angle distribution from time 7, (¢) we shall find from the equation
d dy, dL
ayL _ avLak (4)
dt dL dt
At carrying out of numerical calculations we shall assume in the equation (4), that

dL/dt =~ (dL/dt). Then, the bounce-averaged radial drift velocity of charged particle motion
in the Earth’s magnetosphere can be determined, for example, for the Earth’s dipole magnetic

field, so [1]:
<dL> =— @L‘l cos ¢ (5)
dt ®o 7

where L is the dimensionless Mcllwain parameter; ¢ is the time; ¢ is the azimuth angle (the local
time LT = 0 h at midnight) or the geomagnetic east longitude in the magnetic equator plane;

2
Q= Q—Z is the angular velocity of the Earth’s rotation in 1/h; ¢9 = 92 kV; and the dependence

¢2, measured in kV, from the index of geomagnetic activity Kp = Kp(t), is determined by the
formula [14]
0.045

(1—0.16Kp+ 0.01Kp2)*
Then the equation (4), taking (5) into account, is written as follows

dyr | dyi Qea(t)L(t) cos p(t)

b2 =

(6)
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Now, we can add equations that describe the trajectory of the spacecraft (SC) in the gravi-
tational field of the Earth to equation (7). It will be easier if one specifies the trajectory (SC) in
a parametric form. In this case, for a GEO (for a circular orbit) we get

L(t) = 6.6;  9(t) = Ut + @, (8)

where ¢,,, = const will be determined from a comparison with experimental data in a GEO and
t is already the local time LT along the GEO in hours.

In the future for a spacecraft with any circular orbit or with an elliptical orbit, such a
replacement in (7) can be done similarly to (8).

The equations (7), (8) represent the general formulation of new phenomenological model of a
prediction of perpendicular anisotropy index dynamics of charged particle pitch angle distribution
on GEO in the Earth’s magnetosphere.

As a result, using (6)—(8), we receive for F = const, Kp = const, L = const

d

% = —CQcos(Qt + o), (9)
where p 5

YL| P2 4
= (D122 1
C aL | oo (10)
and at such definition (10) C' > 0 always.
d
If in (10) % < 0, the equation (9) will be transformed to the equation
dyr _
ke CQcos(QU + o). (11)

Then the analytical solution of the differential equation (11), (10) will look like
v1(t) = Clsin(Qt + ¢,) — singy [+ 710, (12)

where v, ¢ is the perpendicular anisotropy index of charged particle pitch angle distribution at
t = 0, i.e., when the local time along the GEO is LT = 0 h at midnight.

d
If in (10) % > 0 then the analytical solution of the differential equation (9), (10) looks like

Y1 (t) = =C[sin( + ;) —sing} ] + 710 (13)

If Kp(t) # const and (6) ¢2(t) # const (a dependence from time ¢ can be complex), we shall
receive, using (10), value C*

L4
0
and the following general formula for modeling (predicting) calculations v, (t) on GEO and in
any circular orbit SC

o (14)

t
d _
v (t) = :i:C’*Q/ TZE @2(t) cos(Q + @ )dt + 710, (15)
0

d
as generally a gradient % = f(L,LT,E, Kp,t).
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2. Experimental data and calculations

For definition at geostationary (geosynchronous) orbit of concrete value 7, = const we use

d
comparison with the numerous experimental data [5], received on GEO. For % > 0 on these

experimental data the maximum of perpendicular anisotropy index of charged particle pitch angle
distribution 7, (¢m,) (13), when ¢, = 13 h LT on GEO. Thus, in the further ¢,, will designate
the moment of time in hours LT, when the perpendicular anisotropy index of charged particle
pitch angle distribution on GEO has the maximal value. p

YL

Further in a point of a maximum the first derivative (9) W(t = tmy) = 0, therefore the

condition should be satisfied
cos(t,, + o) = 0. (16)

Considering, that t,, = 13 h, the condition (16) is carried out, when Qt,, + ¢} = 37/2.
Whence follows, that
m(18 — ty,)

+ _ 1
©Orm TR (17)

Under the formula (17) for experimental data [5] value o} = 57/12 rad, v10 = 0.1860,
1 (tm) = 1.5059 for Kp = 0 (Fig. 1), and for Kp = 3 v10 = 0.0, 7. (t,n) = 1.8353 (Fig. 2).

For the moment of time ¢t = t,, following analytical dependence turns out ~y,(t,,) (13)
for perpendicular anisotropy index of charged particle pitch angle distribution on GEO, when
Kp = const, for example, within one day

VL (tm) = —Clsin(Qtm + @) = sing] + 510 = C[L +sin @] + 710, (18)
and for the intermediate moment of time t = ¢,, it is received following dependence v, (t,)
YL (tp) = —Clsin(Qy, +¢;,) — sin g ] +710. (19)

Further we shall find the useful formula in the form of a difference of two equations (18)
and (19)
YL (tm) — 7L (tp) = C[1 +sin(Qtp + ¢y, )]- (20)

The formula (20) is useful to a finding of a constant C, when at ¢ = 0 value v, o unknown, and
other values in (20) known from experimental data. Then knowing C, value v, can find from
the equation (18). On the other hand at t, = 0 equation (20) passes in the equation (18) as it
and should be. If value 7, ¢ known, the constant C' can be found at once from the equation (18).

d
Thus, determining ¢;!, (17), 710 and C, for % > 0 final analytical dependence turns out

(13) for perpendicular anisotropy index of charged particle pitch angle distribution on GEO,
when Kp =~ const, for example, within one day.

To compare dependence from local time v, (t) (13), (17) with averaged on LT and energy F
experimental data for electrons [5] on GEO, let’s make modeling calculations (as a first approx-
imation) for Kp=0 and Kp=3. Results of calculations are presented on Fig. 1 and Fig. 2.

For the index of geomagnetic activity Kp = 0 (Fig. 1) at comparison (13) with experimental
data good conformity is received, as on numerous data [5| the averaged values of an anisotropy
index v, (¢) for 0 < Kp < 1 have the maximal values approximately in the moment of time
t,m, = 13 h LT on GEO and they rather are not sensitive to value of kinetic energy E. For the
geomagnetic activity index Kp = 3 (Fig. 2) at comparison more good conformity with numerous
data [5] of the averaged values of an anisotropy index v, (t) for 2 < Kp < 4 is received.

The divergence is connected with experiment by that dependence ~y, (t) (13) while is cer-
tain only as a first approximation. Thus, the general analytical dependence of perpendicular
anisotropy index of charged particle pitch angle distribution on GEO v, (¢) (13), (17), received
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Electrons, Kp =0, L =6.6
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Fig. 1. The continuous line is modeling analytical dependence of perpendicular anisotropy index
of electron pitch angle distribution on GEO ~, (t) (13) from the local time LT for the index of
geomagnetic activity Kp = 0. Circles are designated the averaged experimental data [5]

Electrons, Kp=3,L=6.6

2 4 6 8 10 14 16 18 20 22 24

12
LT, hour
Fig. 2. The continuous line is modeling analytical dependence of perpendicular anisotropy index

of electron pitch angle distribution on GEO ~y, (t) (13) from the local time LT for the index of
geomagnetic activity Kp = 3. Circles are designated the averaged experimental data [5]

as a first approximation, can be used for conditions of magnetically quiet time for quantitative
forecasts and comparisons with experimental data on GEO.
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d
Further, for % > 0 and GEO we shall find a modeling (predicted) difference between the

maximal value 7, (¢,,) and the minimal value 7, (0) = v, ¢ (at midnight) depending on Kp-index
of geomagnetic activity, using for this purpose (18), (17), (10), (6). As a result the following
simple equation turns out

Yi(tm) = V1o = CO[1 +sin gy ]. (21)

The right part of the equation (21) should be more zero since on experimental data the
difference between the maximal value v, (¢,,) and the minimal value v, ¢ always is more than
Z€ro.

For an example we shall lead a modeling calculation for electrons on GEO. Thus, interesting
nonlinear dependence (21), if approximately within one day Kp = const or Kp = const, which
is presented on Fig. 3 turns out.

Electrons, L = 6.6
1.9 T T

Y () =Y

05 1 15 2 25 3
Kp — index

Fig. 3. A continuous line is modeling analytical dependence of a difference of perpendicular
anisotropy indexes of electron pitch angle distribution on GEO v, (t,) — vi0 (21) from Kp-
index of geomagnetic activity. Circles are designated the averaged experimental data [5]

Thus it is necessary to notice, that the right part of the equation (21), namely C' (10), depends

d
in this case as well from a gradient L (Kp). Therefore, to receive the best consent (21) with

the averaged experimental data on GEO [5], we shall make the following. First, we shall believe
dependence ¢5 from Kp-index of geomagnetic activity under the formula (6) [14] fair. Secondly,

using the method of the least squares, we shall find dependence of a gradient % from Kp-index

of geomagnetic activity for conditions of magnetically quiet time (0 < Kp < 3) in the following
form
dyi
dL
From here follows, that the offered technique allows to predict (to forecast) very important
dy.

dependence of a gradient L from Kp-index of geomagnetic activity. With dependence (22)

(L = 6.6, Kp) = 0.7234 — 0.5113Kp + 0.2068 K p> — 0.0305K p°. (22)
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very good consent (21) with the averaged experimental data [5] has turned out, that evidently
proves to be true Fig. 3. Still it is necessary to add, that concrete dependence (22) on GEO is
received (forecast) for the first time. The received dependence (22) also shows, that on GEO

d
for a range (0 < Kp < 3) the gradient %(L = 6.6, Kp) is more than zero that corresponds

to a prospective condition on a gradient prior to the beginning of calculations. And for other

distances (1 < L < 6.1) dependence of a gradient % from Kp-index is visually presented, for

example in [11].

Such theoretical prediction (21), in general, it is necessary to check in the further on corre-
sponding experimental data. And still, in the equation (21) value C (10) is certain while as a first
approximation, but in the future C' can specify on experimental data, using the equation (21).

Thus, the received nonlinear dependence (21) can be considered as a theoretical prediction of
nonlinear effect for a difference between the maximal value of a perpendicular anisotropy index
of charged particle pitch angle distribution v, (¢,,) and the minimal value of a perpendicular
anisotropy index v, (0) = v, (at midnight) on GEO (L = 6.6) from Kp-index of geomagnetic
activity.

The presented nonlinear effect for anisotropy of charged particle pitch angle distribution (21)
will be, possibly, to some extent and on other radial distances from the Earth, i.e. at other values
of the Mcllwain parameter L.

d
For some experimental data when a gradient % < 0, the following (similar previous) for-

mulas and the equations are received. In this case for ¢,, = 13 h the condition (16) is carried
out, when Qt,, + ¢;, = 57/2. Whence follows, that

_ w30 —tm)
_ ) 23
Prm B (23)
Under the formula (23) value ¢,, = 177/12 rad. For the moment of time ¢ = t,,, following an-
alytical dependence v (t,,,) (12) turns out for perpendicular anisotropy index of charged particle
pitch angle distribution on GEO, when Kp = const, for example, within one day

Y1 (tm) = Clsin(Qt,, + ¢,,,) —sing, ] +v10 = C[1 —sinp, | + V1o (24)

The first composant in the right part of the equation (24) should be more zero since on
experimental data the difference between the maximal value v, (¢,,,) and the minimal value ~, o
always is more than zero.

For the intermediate moment of time ¢ = t,, it is received following dependence v, (¢,)

V1(ty) = Clsin(Q, + ¢,,) = singy, ]+ v10- (25)
Further we find the useful formula in the form of a difference of two equations (24) and (25)
Yi(tm) = vL(tp) = C[1 = sin(Q, +¢p,)]- (26)

The formula (26) is useful for a finding of a constant C, when at t = 0 value v, unknown,
and other values in (26) known from experimental data. Then knowing C, the value v, ¢ can
be found from the equation (24). On the other hand at ¢, = 0 the equation (26) passes in the
equation (24) as it and should be. If value v, o known the constant C' can be found at once from
the equation (24).

d
Thus, determining ¢, (23), 710 and C, for % < 0 final analytical dependence turns out

(12) for perpendicular anisotropy index of charged particle pitch angle distribution on GEO,
when Kp ~ const, for example, within one day.
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d d
L nd YL

Formulas and the equations for gradients L <0 a > 0 are interconnected. In

particular, the equation (23) can be presented so

o 7(30 — tp) w124 18 — ) (18 — tm)

= R S LA, + 2
T B T+ 12 T+ Q. (27)

Then, using (27) and the reduction formulas in the trigonometry, it is possible to make
following transitions of the equations: (24) in (18), (25) in (19), and (26) in (20) and thus to
prove interrelation of the equations.

d
For an example when % < 0, and t,,, = 12 LT, in work [13] for the first time have been

used special cases of the formulas and the equations (12), (23)—(26) for comparison to numer-
ous experimental data, received with 1999 on 2007 on GEO. Comparison was made only at a
qualitative physical level. As in [8] the pitch angle anisotropy (in the form of the relation of two
average values) of the Earth’s external radiation belt in the field of GEO in another way was
quantitatively determined, but for very plenty of experimental data. In this work [13] it has been
found, that at ¢,, = 12 LT the value ¢,, = 37/2 (23). Thus following final analytical dependence
(the special case (12)) has been received for perpendicular anisotropy index of charged particle
pitch angle distribution on GEO, when Kp = const, for example, within one day

Q
vL(t)=C {sin <Qt + 3;) + 1] + 710 = 2C sin® <2t) + Y10 (28)

And for a modeling (predicted) difference between the maximal value v, (12) and the minimal
value v, (0) = v10 (at midnight) depending on Kp-index of geomagnetic activity more simple
equation (the special case (24)) has been received at ¢,, = 37/2

Y1 (12) = v10 =2C. (29)

To compare dependence from local time 7y, (t) (28) with experimental data [8], test (modeling)
calculations have been made [13], for example, for protons with energy E = 120 keV on GEO
for Kp =3-u Kp = 5.

In the same work [13] for the first time nonlinear effect (29) has been theoretically predicted
for a difference between the maximal value of perpendicular anisotropy index of charged particle
pitch angle distribution (in local midday LT = 12 h) and the minimal value of perpendicular
anisotropy index (at midnight LT = 0 h) on GEO depending on Kp-index of geomagnetic activity.

d
On the whole, results of all calculations for % < 0 are very in detail presented in [13].

3. Conclusion

1. The new phenomenological model of a prediction of perpendicular anisotropy index of
charged particle pitch angle distribution at geostationary (geosynchronous) orbit (GEO)
in the Earth’s magnetosphere, and also in any circular orbit depending from the local time
LT in an orbit and the geomagnetic activity index Kp is offered.

2. Comparison of model with the numerous experimental data is lead. It is proved, that the
general analytical dependence of perpendicular anisotropy index of charged particle pitch
angle distribution on GEO received as a first approximation can be used for conditions of
magnetically quiet time for quantitative forecasts and comparisons with experimental data
on GEO.
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3. The nonlinear effect is theoretically predicted for a difference between the maximal value of

perpendicular anisotropy index of charged particle pitch angle distribution and the minimal
value of perpendicular anisotropy index (in local midnight LT = 0 h) on GEO from Kp-
index of geomagnetic activity.

. The technique is offered which allows to predict (to forecast) very important dependence

d
of a gradient % from Kp-index of geomagnetic activity. For the first time concrete

d
dependence of a gradient % from Kp-index on GEO for conditions of magnetically quiet

time is received (forecast).

The nonlinear effect for anisotropy of charged particle pitch angle distribution will be,
possibly, to some extent and on other radial distances from the Earth.
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Hennneiinbiit 3 dekT A1 aHN30TPONNN NUTY-YTJI0BOTO
pacnpe/iesieHsl 3apsI>KEeHHBbIX YaCTHUIl Ha Ie0CTAI[MOHAPHOI
opbure

Cepreit B. Cmoann
Cubupckuii deiepajbHbIl YHUBEPCUTET
Kpacuosipck, Poccuiickasa @emeparms

Annoranms. [Ipemiokena HoBast heHOMEHOIOIMYECKas MOZEJIb [IPEJICKA3aHNUsI [I€PIEH UK YJISIPHOTO UH-
JIeKCa aHU30TPOINY IIUTY-YIVIOBOIO PACIPE/IeJIeHNUs 3aPsiZKeHHbBIX JaCTUIl Ha Te0CTAllMOHAPHOH (reocuH-
xpornoii) opbure (I'CO) B maranrocdepe 3emsm, a TakKe Ha 000 KPYroBoi opOUTe B 3aBUCUMOCTH
or mectHOro Bpemenn LT nHa opbure m Kp-wuHjekca reoMarHUTHON akTuBHOCTH. [IpoBejieHO cpaBHeHne
MOJIEJIN C MHOTOYVC/IEHHBIMHU KCIIEPUMEHTAJBHBIMA JaHHBIMU. J{OKa3aHo, 9TO OOIIasi aHATUTUIEeCKAsT
3aBUCUMOCTD MEPIEHIUKYJISIPHONO UHIEKCA AHU30TPOINUU MUTY-yTJIOBOTO PACIPEIE/ICHUs 3aPsi?KEeHHBIX
gacrur, Ha ['CO, mosiydeHHasi B 1epBOM HPUOJIMKEHUH, MOXKET OBbITh HCIOJIb30BAHA JJIsi MArHUTOCIIO-
KOMHBIX YCJIOBUI JIJTsT KOJUYECTBEHHBIX MMPOTHO30B M CPABHEHUU C SKCIEPUMEHTAJIbLHBIMU JTaHHBIMUA Ha
T'CO. Teoperudecku npecka3an HeJIMHERHBIH D MEKT [1J1si PAZHOCTA MEXKY MAKCUMAJIbHBIM 3HAYECHH-
€M IepIIEeH/UKYJISIPHOrO MHJIEKCa aHU30TPOIMH HUTY-YIJIOBOIO PACIIPEIEIEHIs] 3aPSKEHHbIX YaCTULL 1
MUHAMAJILHBIM 3HAYECHUEM TEPIECHINKYIISIPHOTO HHIEKCA AaHU30TpOnHu (B MECTHYIO moHoub LT = 0 =)
na 'CO or Kp-unaekca reoMarHuTHON akTUBHOCTH. HejunehlHbId 3dekT mjisi aHM30TPONUU MUTY-
YIVIOBOI'O PACIIPEJIeJIeHNs 3aPS?KEHHBIX YacTHIl OyeT, BEPOSTHO, B TON WJIM MHOI CTEIeHU U Ha JAPYTUX
PaInaIbHBIX PACCTOSTHUSIX OT 3EMJTH.

KimroueBble ciioBa: reocraiyoHapHas opOUTa, HOBasl MOJEJIb, JIMHAMHUKA aHU30TPOIMU 3aPIKEHHBIX
qacrul, ganuble ciyrauka CRRES, nenuueiinbiii a¢dpdekT.
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