Astrophys. Space Sci. Trans., 7, 3854, 2011
www.astrophys-space-sci-trans.net/7/351/2011/
doi:10.5194/astra-7-351-2011

© Author(s) 2011. CC Attribution 3.0 License. Astrophysics an@pace Sciences
Transactions

Three dimensional model of the interplanetary magnetic field and
27-day variation of the galactic cosmic ray intensity

A. Wawrzynczak!, R. Modzelewsk&, and M. V. Alania??3

Linstitute of Computer Science, University of Natural Science and Humanities in Siedice, Poland
?Institute of Mathematics and Physics, University of Natural Science and Humanities in Siedice, Poland
3|nstitute of Geophysics of Thilisi State University, Thilisi, Georgia

Received: 15 November 2010 — Revised: 3 May 2011 — Accepted: 9 May 2011 — Published: 2 September 2011

Abstract. We present a model of the 27-day variation of the equations with the heliolongitudinally dependent solar wind
galactic cosmic ray (GCR) intensity for three dimensional velocity reproducing in situ observations. In spite, in situ
(3-D) heliosphere with the heliolongitudinal and heliolati- measurements are an unique information which should be
tudinal dependent radial solar wind speed for the period ofconsidered as a basic data in any type of modelling. This
1995 - minimum epoch of solar activityA(> 0). In the  paper is a continuation of study presentedAiania et al.
present model we implement heliolongitudinal asymmetry of (2010 tending to construct a 3-D model of the 27-day vari-
solar wind velocity reproducing as the sum of first and sec-ation of the GCR intensity being able in certain scope to
ond harmonics depending on the heliolatitudes and the regexplain a behavior of the GCR intensity during in arbitrary
ular part of the solar wind velocityp) changing versus he- Bartels’ rotation (during 27-days). In contrastAdania et
liolatitudes in accord to in situ measurements of the Ulyssesal. (2010 in a present model we implement heliolongitudi-
spacecraft. We show that the range of changes of the sumal asymmetry of solar wind velocity reproducing as the sum
of the first and second harmonics of the 27-day variation ofof its first and second harmonics depending on the heliolat-
the GCR intensity for Kiel neutron monitor is little less than itudes and the regular part of the solar wind veloci¥g)(
expected from the modelling, however, they are comparablechanging versus heliolatitudes in accord to in situ measure-
ments of the Ulysses spacecraft. As a case study we con-
sider the 27-day variation of the GCR intensity, solar wind
velocity and the IMF for the minimum epoch of solar activity
of 12 January—28 December 1995 corresponding to the Bar-

Recently, we demonstrated that to model the 27-day variatiorlielsyrc’t"’lt'ons (BR) 2205-2217 (Fig. 1). F|gure 1 shows that
there are not a clear regular changes of different parameters

of the galactic cosmic ray (GCR) intensity, there should be ) ) . .
taken into account a consistent, divergence-free interplaner—e'ated with the Sun’s rotat!on for the whole pen_od_ of 199.5 '
tary magnetic field (IMF) derived from Maxwell's equations However, there are recognizable the 27-day variation during

with the heliolongitudinally dependent solar wind velocity tsk(‘)me BF‘;' Tc; shO\;vt;ele:latl\[/)e Cogn?etft?lcyzﬁ (cj)ur apprct)_ach th
reproducing in situ observational@nia et al, 2010. We the CGOCr:]; r'uE[: |0n'to € o r.r;lo elotthe =7~ ?y varia |on(§)t
believe that in situ measurements of the solar wind veloc- ¢ Intensily, we consider as an example average data

ity and the IMF components only partly characterize eIectro—Of 13 BR (about one year, 1995).

magnetic properties of the whole vicinity of the interplan-

etary space where a formation of the 27-day variation of

GCR intensity takes place. Due to complexity of the pro-2 ~Modeling of the 27-day variation of the GCR

cesses on the Sun and in the three dimensional (3-D) helio- ntensity

sphere one hardly could wait for high correlation between

in situ observed components of the IMF and the expected™or modelling of the 27-day variation of the GCR intensity

divergence-free IMF components derived from Maxwell’s We use stationary Parker's transport equatiearker 1965.
In the presented model we assume that the stationary 27-day

variation of the GCR intensity is caused by the changes of

Correspondence toA. Wawrzynczak the solar wind velocity. We assume heliolongitudinal asym-
BY (awawrzynczak@uph.edu.pl) metry of the solar wind speed corresponding to the in situ
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Earth orbit (points) superimposed by means of 13 BR and approxi-
mation (dotted curve) by the sum of two harmonics (27 and 14 days)
waves for the period of 12 January — 28 December 199%) in

Eq. (1)); (b) Heliolatitudinal dependence of the radial solar wind

. speed for minimum epoch of solar activity in 1995 as showed by
0802 07/03 03/04 30004 27/05 2306 20/07 16/08 12/09 09/10 0511 02/12 Ulysses for minimum COﬂditiOﬂg/() -V (0) in Eq (l))
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Fig. 1. Temporal changes of the daily solar wind velocity [OMNI,
http://omniweb.gsfc.nasa.gov/index.hinBCR intensity from the ~ GCR intensity to the heliolongitudinal asymmetry of the so-
Kiel neutron monitor and radiaBy, azimuthalBy, latitudinal B, lar wind velocity we justify by the high correlation coeffi-
components and magnitudeof the IMF [OMNI] for the minimum cientr (r =~ —0.9) between the changes of the sum of the
epoch of solar activity in the period of 12 January—28 Decemberfirst and the second harmonics of the 27-day variation of the
1995 (A > 0) corresponding to the BR 2205-2217. GCR intensity (Fig. 4) and the solar wind velocity (Figa}

for average BR during the period of 12 January—28 Decem-

o . ber 1995. At the same an ignorance of the role of the corotat-
measurements at the Earth orbit (Figa)y and versus helio- i, interaction regions to some extent s justified by the negli-

latitude as was shown by Ulysses for the minimum epoch Ofgible correlation coefficient (- ~ 0.1) between the changes

solar activity (McComas et a].2000 (Fig. Ab)). Presented ot gqjar wind velocity and magnitude of the IMF for con-
in Fig. Aa) are averaged by means of 13 BR, the daily data ofgjqereq period (Fig. 1). To solve Parker's transport equation
the solar wmc_i speed (points) and thg approximation (dOtted(Parker 1965 there is required the,, B, and B, compo-
cur_ve) ofthe f'r,St and Sec‘?“d harmonic waves (27,and_14'daYlents of the IMF corresponding to the changeable solar wind
variations) during the period of 1995. An approximation of velocity. For this purpose Maxwell's equations should be

the solar wind speed included in the model has a form: solved for the solar wind velocity represented by Eq. (1). We

V, = VoV, (9)- V,(0) 1) consider Maxwell’s equations:

where theV,(¢) = 1+ 0.15sinp + 1.18) — 0.07sin2¢ + 3

0.64) is the approximation (dotted line in Fig(&d)) of the 37 =Vx(V x 79)) )
daily data of solar wind at the Earth orbitpy = 400 km/s, divB =0

V. (0) is extrapolation of solar wind velocity measured in the
ecliptic to higher latitudes as showed by Ulysses for mini-

L > here B is the IMF h,vV-solar wi loci
mum conditions of solar activityMcComas et al(2000) where B is the strength,V-solar wind velocity, and

approximated by formula (Fig.(8)): t-time.

L0210 0° <6 <40 2.1 Numerical solution of Maxwell's equations
V. (0) = 3.73+3.06ArcTg0.07—-0) 40° <6 <75° .

1 75 <6 <90

We assume that the changes of the solar wind velocity, the
We assume that the heliolongitudinal asymmetry of the so-GCR intensity,B,, B, and B, components of the IMF are
lar wind velocity has maximum value at Earth’s orbit and quasi stationary, i.e. the distribution of the GCR density is
equals zero at Sun’s poles regions, i.e. that the heliolongitudidetermined by the time independent parameters. Therefore,
nal asymmetry changes versus heliolatitudes, a Sihere-  we accept that in Eq. (2%? =0. Also, we accept that aver-
fore, an expression included in the model of the 27-day vari-age value of the heliolatitudinal component of the solar wind
ation of the GCR intensity has a forn¥, (¢) — V,(0,¢) = velocity Vy equals zero. These assumptions lead to a sys-
1+ (0.15sin¢ 4+ 1.18) — 0.07sin2¢ + 0.64))sind. Ascrib- tem of scalar equations for the IMF’s and solar wind speed’s
ing a decisive role in creation of the 27-day variation of the components in the corotating heliocentric spherical coordi-
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@ ® existence of the stronger second harmonic almost exceeding
) ) the first harmonic. Solutions of the Egs. (2) as a selfconsis-
tent system must show at least a good correspondence be-
tween the changes of the solar wind velocity and IMF. We
implemented in Eq. (4) in situ observed solar wind veloc-
N . S SF ity consisting generally of the first harmonic, with the twice
. experiment = omE 55 F S 4 experiment, ® 3 . .
experiment [+[Tharm -----+:: 13 exerifnent +ITharm ------:: 13 greater amplitude than the second harmonic (about 15% to

model =====* model =====+
2 T S R S R N S Lo TN

0 3 6 o 1215 18 ol ar 2 0 3 6 o 1215 15 o o1 2t 7% of the total solar wind velocity). So, it is clear that ex-
days days pected heliolongitudinal changes Bf and B, components,
Fig. 3. Azimuthal changes of the superimposed by means of 13 BRV?ﬂECting a Character_of the Changes of the im_plem_ented in
(a) B, and(b) B, components of the IMF at the Earth orbit; obser- Situ observed solar wind velocity, do not contain noticeable
vations (red squares), observations approximated by the sum of theecond harmonics of th8, and B, components. Conse-

first and second harmonic waves (dotted lines) and values expecteguently there is observed a distinction between observed and
from Maxwell's equations (dashed lines) for the solar wind speedexpected IMFE.
given by Eq. (1).
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2.2 Numerical solution of Parker’s transport equation
nate systentr,0,¢), as:
Parker’s transport equation was solved numerically as in pa-

ST +Sa"‘)9 Bo 83‘%; coPV, By pers published elsewhere (see &\gwrzynczak and Alanja
—Vwaa—l;{ —B 5, +Vi5, T By %—‘; = 2008. The parallel diffusion coefficienk| changes ver-
Vw%Jng% +rsinevra(% sus the spatial spherical coordinates, ¢) and rigicgity R
+rSing By - +Sing V, By =0 (3)  Of GCR particles ask| = KoK (n K (), were Ko = R
rB,% +rV, 2B L v, B —V,B, 10?2 ecm?/s, v- is the velocity of GCR partlcles, arid - the
_, Vrai_‘" A +B9% Ly, 2B _g _transport free path of G(C):E particle&;(r) = 1+_0.5r_, ris
0B Y agwear 1 33399 g 339& in AU; K(R) =(R/1GV)%°. So, the parallel diffusion co-
T T Bt Bo+ g+ s 5 =0 efficient K| for the GCR particles of 10 GV rigidity equals,

— 3. 2—1 : :

The latitudinal componensy of the IMF is very weak for K1 =5X 10%%cm?s~* at the Earth orbit. The ratiog and
the analyzed period, therefore further in this paper we con1 Of the perpendiculak’, and drift K, diffusion coeffi-
sider 2-D model of the IMR B, = 0). These assumptions cients to the parallel diffusion coefficier; of the GCR

straightforwardly lead (from first equation in Eq. (3)) to the Particles are given in standard forfh= 4+ = - and

relationship betweem, and B, as, B, = Bry,—f. Thenlast 1= Ié—“f = 1+‘L”U’2T2 where wr = 300BAcR™ 1, ¢ - speed of
equation in Eq. (3) with respect to the radial compongnt  Jight, B - the strength of the IMF. The billiard ball diffusion

of the IMF has a form: is not generally the best approximatioRafhi et al. 2004
9B, 9B, Shalchj 2009 but it works well at high rigidities to which
A1 ar +42 9 +A3B, =0 (4) neutron monitor and muon telescopes are are responsive,

R > 10— 15 GV Jokipii, 1971, Shalchj2009. We included

. . . . in Parker’s transport equation thg. and B, components
V., is the corotational speed atlis the angular velocity of ) > 5 )
the Sun. We solve Eq. (4) by the numerical method describe@nd the magnitudé =,/ 57+ BZ of the IMF obtained from
in detail in (Alania et al, 2009 2010 with the boundary con-  the numerical solution of Eqg. (4) with a variable solar wind
dition near the SurB,[1, j, k] =3770:T for 0° <9 <90°  speed (Eq. (1)). Implementation of the heliospheric mag-
and—3770 nT for 98 < 6 < 187 for the positive polarity ~ netic field obtained from the numerical solution of Eq. (4)

We take into account, as wely =0, V,, = —Qrsing where

period @A > 0), wherei =1,2,..., I; j=12,.... J;, k= in Parker’s transport equation is done through the spiral an-
1,2,..., K are steps in radial distance, vs. heliolatitude andgle =arctar(—%f) in anisotropic diffusion tensor of GCR
heliolongitude, respectively. In considered case 0.1 AU. particles and ratiog andgi. The kinematical model of the

The choice of these boundary conditions was stipulated byMF with variable solar wind speed has some limitations, es-
requiring agreement of the solutions of Eq. (4) with the in situ pecially it could be applied until some radius, while at large
measurements of thB, and B, components of the IMF at radii the fast wind would overtake the previously emitted
the Earth orbit. Presented in Fig. 3 are results of the solutiorslower one. So, we assume that an interaction between slow
of Eqg. (4) for theB, and B, components of the IMF. Figure 3 and fast streams of the solar wind velocity takes place not
demonstrates that the expect&dand B, components of the  earlier than~ 8 AU. We justify an ignorance of corotating
IMF differ from experimental data. The expectBdandB,, interaction regions by the absence of a noticeable Forbush
components preferentially contain the first harmonic of thedecreases, and negligible correlation between changes of so-
27-day variation, while experimental data clearly shows anlar wind velocity and the magnitude of the IMF (correlation
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0.9 0.9 changes versus heliolatitudes in accord to in situ measure-
0.65 065 ments of the Ulysses spacecraft; (b) the heliolongitudinal
< o4 {o-‘;;"-.‘" . 04 E asymmetry of solar wind velocity reproducing as the sum of
5 ! .fff o ' 2 the first and second harmonics of the 27-day variation de-
é 0.15 &, 015 2 pends on the heliolatitudes. We implement in a maBlel
g -0.1 o ";A 01 5 and B, components of the IMF derived from the Maxwell's
035 gpe e “'.., -0.35 % equations corresponding to the changeable solar wind veloc-
5 06 - 06 8 ity (Eq. (1)). The average value of thlRy component is neg-
[0} . . . aQ . . . .
__experiment e 5 ligible for the considered period. We assume that an interac-
-0.85 - experiment I+l harm «-eeeee 1 -0.85 . . .
C ., model - tion between slow and fast streams of the solar wind velocity
1 3 6 9 12 15 18 21 24 27‘1'1 takes place not earlier than8 AU. We justify an ignorance
days of corotating interaction regions by the absence of a notice-

able Forbush decreases, and negligible correlation between
effective rigidity 15 GV at the Earth orbit during one solar rotation changes. of solar ,Vv,md velocity and thg magnitude of the IMF
period for the solar wind velocity assumed as in Eq. (1) (dashed(COrrelation coefficient equais 0.1) during the analyzed pe-

line), temporal changes of the averaged GCR intensity by Kiel neu{10d. We show that, though, the_ range of changes ofth_e sum
tron monitor by means of 13 BR for the period of 12 January—28 De-Of the first and second harmonics of the 27-day variation of

cember 1995 (points) and the approximation by the sum of the firsthe GCR intensity for Kiel neutron monitor is little less than

and second harmonic waves of the observed GCR intensity (dotteéxpected from the modelling, however, they are comparable.

line). We believe that a comparison of the modelling results for
15 GV rigidity particles of GCR can be effectively compared

coefficient equals- 0.1) during the analyzed period. Thus, with Kiel neutron monitor data corresponding to the effective

to exclude an intersection of the IMF lines the heliolongitu- €nergy of~10—15GeV.
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