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Abstract

Romashets and Vandas (2024) derived a method for the determination of Euler potentials
at a spherical surface and applied it to the geomagnetic field. Here, we apply it to find
Euler potentials at the source surface. A regular mesh defined by Euler potentials divides the
source surface to surface elements with the same magnetic flux. By tracing magnetic-field
lines away from the source surface, Euler potentials can be extended into the heliosphere.
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1. Introduction

Spherical harmonic analysis was used for the description of the terrestrial magnetic field for
centuries (Chapman and Bartels 1940). It has been shown that the method is applicable for
the solar magnetic field (Chapman 1943). The actual application began much later (Newkirk
and Altschuler 1969). Solar global open magnetic fields were studied with this technique in
Levine, Altschuler, and Harvey (1977a,b) by tracing along the field lines from the source
surface down to the photosphere. Multiple discrete regions of the open magnetic field in the
photosphere were reported. The comparison of open magnetic field regions with observed
coronal holes was done in Levine (1978). The source surface is commonly located at a
distance of 2.5 solar radii. It is assumed that only the radial component of the solar magnetic
field is present on it. At distances greater than 2.5 solar radii from the center of the Sun, the
interplanetary magnetic field smoothly changes from a radial to a spiral one due to the solar
rotation.

Recent spacecraft missions, such as SDO, STEREO, and PROBA 2 provide high-
resolution magnetograms, which lead to a better understanding of the structure of the solar
magnetic field. Magnetic synoptic observations along the line of sight during entire revolu-
tions of the Sun allow us to reconstruct a magnetic field in the region between the photo-
sphere and the source surface, by means of spherical harmonic analysis.
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We have recently developed a method for high-resolution «-f mapping of a magnetic
field on a surface (Romashets and Vandas 2024); « and g are Euler potentials (Euler 1769).
We apply it here for «-8 mapping at the source surface. Equally spaced « and 8 contours
divide a given surface into a large number of surface elements with equal magnetic flux
through each element. This magnetic flux calibration can be done with a very high precision.
Euler potentials offer an alternative to a direct usage of a vector magnetic field. Tasks, which
are usually solved with Euler potentials, can also be solved with other methods. However, it
is an advantage to have an alternative way, e.g., for verifications.

The observations of coronal holes show the position of the open field lines, but do not
specify how fast the field lines expand and occupy most of the volume of the outer solar
corona, that is, outside of the regions filled in by returning field lines. There were attempts
to label each field line as R or NR, returning or non-returning, and to watch how much of the
volume each kind occupies. Rapidly expanding coronal holes are maybe not as geo-effective
as slowly expanding ones. In order to study the behavior of the magnetic-field lines from
coronal holes, it is convenient to use a method of magnetic flux calibration, which divides a
given surface into a large number of surface elements with equal magnetic flux through each
element. The two-dimensional mesh labels each element with two numbers. The simplest
version of the calibration uses only a normal component of the magnetic field on the surface
and does not provide the mapping outside of the surface. The more time-consuming version
of the calculation provides a two-dimensional mapping of the entire volume. It uses three
components of the magnetic field in the entire volume. Once it is completed, the analysis of
magnetic-field extension from each element of the area becomes easier, that is, monitoring
where particular label sets go and at what speed. The flux calibration is the way of visualiza-
tion of the expansion or contraction of the magnetic tubes in the volume. This is done well
with the help of Euler potentials, if they are known.

It was concluded in Kononovich and Shefov (2013) and Ivanov and Kharshiladze (2006)
that the solar cycle can be divided into two-year quasi cycles of the global open solar mag-
netic field (GOSMF), phases of GOSMF formation, minimum, growth, maximum, and de-
cay. At the beginning of the minimum, growth, and maximum phases, the total magnetic
flux through the source surface experiences a sudden decrease. During the minimum phase,
the GOSMF rotates with respect to the Sun in the direction to the west, while the direction
changes to the east during the growth phase. The maximum solar activity happens when the
four-sector structure of the interplanetary magnetic field is replaced by the two-sector struc-
ture, and when regions of the open solar magnetic field are concentrated near a main active
longitude (Vitinskii, Kopetskii, and Kuklin 1986). It seems that the key to understanding
solar activity is in studying and modeling the open solar magnetic field. We may think that
everything is determined by the rate of magnetic flux change as a function of distance from
the Sun. If the rate of the open magnetic flux decrease with distance is very small, this may
lead to increased activity in this region. To confirm this, one should calculate the flux and
analyze its rate of change near the coronal holes.

Euler potentials are used to study behavior of magnetic fields (e.g., Sweet 1950; Dungey
1958), motion of energetic particles (e.g., Ray 1963), Alfvén waves (Webb et al. 2010), and
in models of Earth’s magnetosphere/ionosphere (e.g., Wolf et al. 2006; Schulz and Chen
2008; Zaharia 2008). There are not so many known Euler potentials for magnetic fields and
they are mostly limited to simple fields, e.g., a dipole field (e.g., Schulz and Chen 2008),
Alfvén waves (Webb et al. 2010), or Parker’s interplanetary field (Webb et al. 2010). In this
paper, we present a method on how to determine Euler potentials for a more complex field,
much closer to a real field, that is, Euler potentials of a solar coronal field at the source
surface. These Euler potentials are not determined numerically on a grid, but formulae with
analytical functions are provided for them.
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2. Method

Euler potentials @ and § are two scalar functions reproducing the magnetic-field vector via
B=VaxV§B. (D

The o and B are constant along magnetic-field lines and the value da df is equal to the
magnetic flux of the region defined by do d8. We use a spherical coordinate system, r, 6, and
¢. Euler potentials are functions of all three coordinates in general. We search them at the
source surface, r = rg, so we take them as functions of 8 and ¢ only, x (0, ¢) = a(r, 6, @),
BO,p) = P(rs, 0, 9). B has only the B, component at the source surface, and Equation 1
yields

Br(E) = Br(r557 97 ‘P) =

1 [aa(e,w)aﬁ(&w)_Ba(9,¢)8ﬁ(9,¢)} @)
r2sin@ 26 g o 06 '

On the other hand, the magnetic field (Br(ss), 0, 0) at the source surface is given by har-
monic coefficients g;,, and hy,,, following from observations (Hoeksema 1985)

9 +2 1
Br(ss> — Z(zl +1) <r_0> Z P/" (cos 6)(gim cosme + hy,, sinme), 3)

Voo
1=0 58 m=0

where ry is the solar radius and P/" are associated Legendre polynomials.
The Euler potential « is assumed in the form

a0, 9) =riy/ Bi — BX(rs, 6, 9), “

where By is a free parameter ensuring a positive value at the square root and acceptable
agreement between the B, values at the source surface from Equations 2 and 3. It means
that the B is found by some trials.

The second Euler potential, 8, is searched as

N M
BO.¢) =coop + Y _ caoPu(cosd) + Y concosme
n=1 m=1
N M
+ D Pu(c0s0) (Cum cOS Mm@ + dyy sinmg), 5)

n=1 m=1

where P, are the Legendre polynomials. The summation limits, N and M, are set similarly
to By, by trial and error. The coefficients, c,,, and d,,, are found by a least square method
minimizing the integral

/ [B® — B™]2ds (6)

over a selected region at the source surface. According to Equation 2, B® is a sum of terms
multiplied by the coefficients. We insert the sum into the integral 6. The minimum condition
means that each derivative of the integral by a coefficient must be zero. We subsequently
differentiate the integral by the coefficients, set the result to zero, and at the end obtain a set
of linear equations for the coefficients, which is easily solved.
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Figure 1 Br(ss) as a function of Br (I'=I‘SS) B k]
solar latitude and longitude for CR 2194 06 o
the Carrington rotation 2194. LI |

1.2
|
7.2 24
6 -36
]

0 60 120 180 240 300 360 memm

90-0 [deq]

¢ [deg] =
Figure 2 The « iso-lines for t?e) Br (r:r5s) o B, W]
right region, overlaying the B** — [
distribution CR 2194 41
' 20 -3 .
- i
3.1
F~74.25
1 0 26
— 241
(@]
[0 16
o ]
; 0 1.1
]
o 06
S ]
0.1
-10 -
04
|
-0.9
]
-20 14
180 190 200 210 220 m
-1.9
¢ [deg] -

3. Results

Figure 1 displays contours of the B, component (B®*®) at the source surface for the Car-
rington rotation 2194 (16 August — 12 September 2017). In order to obtain an acceptable
agreement between B®® and B'®, we have to limit it to a smaller region than drawn in
the figure. We selected two adjacent regions, marked by rectangles in the figure, covering
40° x 40°. We call them left and right regions in the following text.

Figure 2 shows contours of « in the right region. It follows from Equation 4 that B,
must be larger or equal to the maximum magnetic-field magnitude in the region, which is
about 7 uT in our case. We started with this value. When we increased By several times, we
observed that the model field became better (according to the integral 6). In such a way, we
arrived at the value Bg =150 wT?, which is used here. In addition, for the calculation of B,
we put N = M = 21. The resulting 8 for the right region is shown in the next Figure 3. Using
the obtained coefficients c,,, and d,,,, we can analytically calculate B,(E) from Equation 2.
The maximum relative difference between B®* and B® is of the order of 107> for the right
region.

The same process is completed for Figures 4 and 5 in the left region. Now the maximum
relative difference between B®® and B® is of the order of 107*.
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Figure 3 The B iso-lines for the B (r=r )
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Consider both regions together. The function « is global (provided By is the same, which
is) and goes smoothly from one region to the other, as it is demonstrated in Figure 6. How-
ever, it is not true for the 8. The coefficients were determined independently, so we have
two different sets of them, and one cannot expect that betas will be smooth at the common
boundary (¢ = 180°), see Figure 7. Therefore, we denoted S of the left and right regions as
Br and Bg, respectively.

There is a manner in how to find a common g for the both regions. That is, we modify g
in the right region (Bg) to make it smooth through the joint boundary. One can easily verify,
that when g fulfills Equation 1, then 8’ = B8 + f(«), where f is a function, fulfills it with
the same «. Now consider « at the common boundary (see Figure 6). One can see it as a
function of 0, « (8, ). If this function is monotonic (which in our case is), then an inverse
function exists; we denote it 6,(«). The B for the both regions is: (0, ¢) = B (0, ¢) for
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Figure 5 The g iso-lines for the Br (r:rss)
left region, overlaying the Br(ss)
distribution.

W
=
o

B

CR 2194

I:>

«
Y

» »n w
S > o

I;Ib’

o
>

90-0 [deq]

e

S
=

5 f
©

S

140 150 160 170 180

¢ [deg]

©

o
N

™
I
|

ER

»N @« @
> N >

N

o

o =
> a2

90-0 [deg]

N B
H B

S

140 150 160 170 180 190 200 210 220

¢ [deg]

II‘OI‘

[N
N

Figure 6 The « iso-lines for the both regions, overlaying the Br(ss) distribution. These are Figures 2 and 4
one by one.

the left region, B(0, ¢) = Br(6, @) + BL{O[a (0, @)1, 7} — Br{Os[a (0, @)1, 7w} for the right
region. This B is shown in Figure 8. At the common boundary, it fits well, see Figure 9.
Using o and B, we numerically calculated B, by Equation 1. Its distribution is shown in
Figure 10. It matches the contours of the original Br(ss) very well. The calculation involved
numerical differentiation of o and 8 using a polynomial approximation.
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Figure 7 Figures 3 and 5 one by one demonstrating that § is discontinuous at the joint boundary.

Figure 8 The modified 8 B (1=r )
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4, Conclusions

We presented a method on how to determine Euler potentials « and B at the source surface.
Equally spaced iso-contours of « and S at the source surface creates a mesh of equally dis-
tributed magnetic flux. Tracing along magnetic-field lines enables us to extend -8 mapping
into the heliosphere and partly to the photosphere (to regions where the field is open), be-
cause « and B remain constant along the field lines. For the extension into the heliosphere,
one needs a magnetic-field model (e.g., Romashets, Vandas, and Poedts 2007).

In order to keep numerical errors low, the determination of 8 was limited to a relatively
small area of the source surface. We demonstrated a procedure where betas of these areas can
be joined. It relies on the existence of a monotonic function, which is not always guaranteed.
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Figure 9 The B iso-lines for the both regions, overlaying the Br(ss) distribution. These are Figures 5 and 8
one by one.
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Figure 10 Contours of B, at the source surface, obtained numerically from the final « and 8.
We work on a modified method that overcomes this limitation and enables us to map larger
areas and eventually the whole source surface.
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