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Abstract

In our previous papers, we compared the connection between the sizes
of faculae and plage regions, sunspots/sunspot groups (SGs), chromospheric
emission lines and solar spectral irradiance variability between the spectral
ranges 121.5–300.5 nm for the period 1981–2009 and discussed the changes in
the sunspot counts (SSCs) and the number of SGs relative to the variations in
solar activity indices. In this work, we tried to explain the theoretical reason
for these variabilities in the ultraviolet region and connected these changes to
the temporal variations of solar activity indices in comparison to different type
of SSCs/SGs for the first time in the literature. We found that the intensity of
Fe II (298.5 nm) ion in the last solar minimum was higher than the two previous
solar minima 21 and 22. So, the velocity of particles of Fe II ions increases
with decreasing density of the medium and increasing plage surface. Increasing
velocity causes an increase in the acceleration and intensity of particles.

Key words: Sun activity, Sun chromosphere, Sun photosphere, Sun
plages

1. Introduction. Total solar irradiance (TSI) and solar spectral irradiance
(SSI) are the radiative energy fluxes from the sun to the earth direction at 1 AU
which are given in units of Wm−2 and Wm−2nm−1, respectively [1]. Both TSI
and SSI variations will essentially be affected by the magnetic and the thermal
effects (e.g. sunspots, faculae, etc.) on the solar surface [2–6]. Depending on the
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13 years length of the solar activity cycle (SAC) 23, all the physical parameters
(e.g. magnetic flux, sunspot number, facular activity, Mg II index and 10.7 cm
solar radio flux) were lower than the two previous cycles 21 and 22. The most
distinctive decreases were seen in the area of bright faculae and chromospheric
plages for the SAC 23 [7] and it caused the decrease of the ratio between facula
and plage, and the magnetic field intensity became smaller. However, the area
covered by facular areas (FAs) on the solar surface was the largest in 1990 in SAC
22, while it was the lowest in 2001 in SAC 23. The total (and the average) areas of
plages decreased in both the decreasing and the increasing phases of SAC 23 [8].

The particle velocities measured in plages and FAs are mainly due to the
magnetic field intensity and the temperature [8,9]. If the number of plage regions
on the solar surface is low and the areas covered by plages are large, this would
indicate the presence of much lower magnetic field, as seen in SAC 23. By the
end of 2008, sunspots and solar irradiance had reached their lowest levels for the
minimum phase of SAC 23 [10], but this decreasing did not stop the increase of
the SSI intensity from 289.5 nm to 300.5 nm in the ultraviolet (UV) region [9]. We
found from our data analysis results that there is a negative correlation between
the intensity of UV spectral line corresponding to the 298.5 nm wavelength of
Fe II ion originating from the solar chromosphere and the international sunspot
number (ISSN) index corresponding to the minimum phase between the SACs 22
and 23 [8,9]. In addition, a similar abnormal increasing has also been found with
the studies of helioseismology [11], which has led us to the conclusion that the
main increase is caused by a chemical change in the interior of the sun.

As a result of these studies, we only found Fe II (298.5 nm emission line)
ion with very high ionization level because of the association of the ionization
phase with the velocity of particles, and the decrease in the intensity due to the
increase of the ionization phase with increasing velocity [12]. In our previous
paper, we searched which solar activity indices show the most probable changes
by comparing the observational data that shows the changes in sunspots/sunspot
groups (SGs), Ca II K-flux, facula and plage regions with the standardized time
series analyzes of SSI and ISSN data, and we found that the distinct change
originated from the plage regions [9].

In this work, considering that one of these certain areas corresponds to a
single and special plage region in the solar chromosphere, we created a general
intensity equation by taking reference of the acceleration of charged particles in
a single plage region and the total particle acceleration of all other plage regions
on the solar surface.

2. Basic equations and theoretical method. The total amount of radi-
ation is given by the product of the average disk intensity with the total area of
the solar disk [13]. The radiation intensity is given by

(1) I = 〈S〉 =
Pnet

A
=
Pe − Pa

A
= εσ

[
T 4
e − T 4

a

]
= εσT 4

net,
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where I indicates the average disc intensity and equals the time average of the
Poynting vector S, Pnet, A and Tnet indicate the net power radiated, total area
of the solar disk and radiation temperature, respectively. The subscripts e and
a correspond to the emitted and absorbed radiation, respectively. In Eq. (1), ε
indicates the emissivity parameter while σ is the Stefan’s constant and equals
5.669 × 10−8 Wm−2◦K−4s−1. When the stretch of the solar cycle gets longer
(e.g. SAC 23), the average temperature and the magnetic field intensity decrease.
Decreasing temperature will cause the decrease of the radiation and the intensity
with the increasing emissivity. Nevertheless, the intensity was not among the
lower values for the last solar cycle minima in spite of the decreasing temperature.
Therefore, we can mention that the increase of intensity was not affected directly
by the temperature.

Having considered that one of these special structures corresponds to a single
and special plage area in the solar chromosphere, we created a general intensity
equation with reference to an acceleration of the charged particles in a single
plage region and the total particle acceleration of all other plage regions on the
solar surface. All electric field lines radiate away from the origin in all directions
(Fig. 1a) while outside of a sphere of radius r ∼ ct (in our work, this radius
corresponds to equally divided patterns on the solar disc and it is shown in Fig. 2)
the field lines still indicate the position of the charge with respect to the origin
while the field lines point the new location of the charge after the acceleration
inside this sphere. In this figure, the X-direction denotes the direction of the
moving charge perpendicular to the electric field while the Y -direction denotes
the direction of the acceleration vector with respect to the line of sight.

(2) Eθ = ∆V t sin θ,

where θ is the angle between the acceleration vector and the line from the charge
to the observer, and Eθ indicates the tangential component of the electric field.
From the dipolar form of the energy loss (Fig. 1b), Er is the radial component of
the electric field.

(3) Er = c∆t =
q

r2
.

The ratio of electric fields gives

(4) Eθ =
q

r2

(
dV

dt

)
r sin θ

c2
=
qV̇

rc2
sin θ.

The Poynting vector of the electromagnetic wave is given by [14]

(5) |S| = c

µ0
|E×B| = c

4π
|E×B|,
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where c is the speed of light, µ0 is the vacuum permeability, E is the electric field
and B is the magnetic field. For our plane transverse electromagnetic waves, the
fields E and B are perpendicular to the direction of S.

(6) |S| ≡ dW

dtdA
=
c(EB)

4π
=

c

4π
E2
θ = S,

where W is the radiated energy and A is the total area of the solar disk. This
equation gives the rate of energy flow per unit area in a given direction measured
in Wm−2s−1. The charge radiates with a dipolar (sin θ) power pattern whose axis
is parallel to V̇ [14] as shown in Fig. 1b. Integrating the power over the whole
area (dA = r2dΩ) on the surface of the sphere, we get the total power radiated.
Here, dΩ = sin θdθdϕ is the surface element of a sphere. The angles θ and φ are
the spherical coordinates in the surface element of the sphere which is shown in
Fig. 2. The total power radiated can be written by using the Poynting flux in the
sphere by integrating Eq. (7) over all directions

(7) P ≡ dW

dt
=

∫
sphere

|S| dA.

So, Eqs (4)–(8) represent Eq. (9), where q is the charge and equals eZ, where
e and Z indicate the electron charge and the atomic number of the nucleus,
respectively.

P =

∫
sphere

c|E×B|
4π

dA =
c

4π

∫
sphere

E2
θ dA =

c

4π

∫
sphere

(
qV̇

rc2
sin θ

)2

dA,(8)

P =

∫ 2π

ϕ=0

∫ π

θ=0

q2V̇

4πc3

(
sin2 θ

r2

)
r2 sin θ dθ dφ =

q2V̇ 2

4πc3

∫ π

θ=0
sin3 θ dθ.(9)

For dV/dt = a (acceleration), Eq. (9) equals

(10) P =
2

3

q2a2

c3
.

This equation describes the total power radiated from electric dipole radiation by
a non-relativistic particle. Since the particle has an angular velocity originating
from the kinetic energy due to its acceleration, we need to add the angular velocity
value that we find out from the equation of motion

(11) ωB =
qB

mic
=
ZeB

mic
.

Here, the particle charge equals e = 4.803×10−10 esu, and mi is the mass of Fe II
ions. As a result, the total amount of power generated by combining Eqs (1),
(10) and (11) into a single plage region is calculated from the Larmor formula

(12) Pp =
2q2

3c3
|ap|2 =

2q2

3c3
×
(
qV⊥pBp
mipc

)2

=
2(Ze)4

3c5

(
(V⊥p)

2B2
p

(mip)2

)
,

where Pp indicates a single plage region.
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If we want to calculate the total plage areas on the solar surface and the total
amount of power radiated from these areas, we write

ITop =
∑ PTop

ATop
=
∑ Pp1

Ap1
+
Pp2
Ap2

+
Pp3
Ap3

+ · · ·+ Ppn
Apn

,(13)

ITop =
2(Ze)4

3c5

n∑
i=1

[(
(V⊥p)

2
1B

2
p1

(mip)21A
2
p1

)
+

(
(V⊥p)

2
2B

2
p2

(mip)22A
2
p2

)

+

(
(V⊥p)

2
3B

2
p3

(mip)23A
2
p3

)
+ · · ·+

(
(V⊥p)

2
nB

2
pn

(mip)2nA
2
pn

)]
.

(14)

The unknown parameters in Eq. (14) are (mip)
2
1 → (mip)

2
n, B2

p1 → B2
pn,

A2
p1 → A2

pn and (V⊥p)
2
1 → (V⊥p)

2
n, and these values are the parameters that will

change for each observation time in each solar cycle, in each plage region. Here,
(mip)1, Bp1, Ap1 and (V⊥p)1 show the ion mass, magnetic field intensity, area
of pattern and perpendicular velocity for Fe II ion in one square-like area while
(mip)n, Bpn, Apn and (V⊥p)n show the ion mass, magnetic field intensity, area of
pattern and perpendicular velocity for Fe II ion in total square-like areas which
corresponds to the total area of plage region, respectively. We will use expan-
sion in a series to solve Eq. (14) depending on the number of square-like areas.
From this calculation, we will find the total intensity coming from the totality of
square-like areas. We used the cartesian coordinate system corresponding to the
geometry of the total power emitted by an accelerated charged particle to solve
Eq. (14) depending on the number of square-like areas. The power received in
equally divided patterns (square-like areas) in any direction is proportional to the
component of V̇ perpendicular to the line-of-sight, so the perpendicular velocity,
V⊥p, is used in our general equation. From the Larmor formula, a charged parti-
cle having a velocity vector that has a component parallel to a uniform magnetic
field moves in a helical path and the plane is perpendicular to the magnetic field
in Fig. 1 and 2, and Eq. (14).

3. Results and discussions. In our previous papers, we investigated the
SSI intensities in the range 121.5–300.5 nm for SACs 21, 22 and 23 obtained by
Solar Mesosphere Explorer (SME), Upper Atmosphere Research Satellite (UARS)
and The Solar Radiation and Climate Experiment (SORCE) experiments. Time
series of SSI have been extracted from data centers of National Space Science
Data Center (NSSDC), Goddard Distributed Active Archive Center (GDAAC)
and LASP Interactive Solar Irradiance Data Center (LISIRD) that served the
archives of NASA space mission data. These different interactive data centers
have taken the observational data for each 0.5 nm in the UV spectral range,
so we made our analysis for each 0.5 nm wavelength interval. The ISSN data
were obtained from the Solar Influences Data Analysis Center (SIDC) and World
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Data Center for the Sunspot Index, at the Royal Observatory of Belgium. All
the spectral lines between the ranges 121.5–300.5 nm and 200.5–300.5 nm were
taken from the Harrison atlas and the work [15], respectively. In this respect, we
revealed negative correlations of intensities of UV (289.5–300.5 nm) spectral lines
originating in the solar chromosphere with the ISSN index during the unusually
prolonged minimum between the SACs 23 and 24. We compared our results with
the variations of solar activity indices (e.g. TSI, magnetic activity, Ca II K-flux,
faculae and plage areas) obtained by the ground-based telescopes and a time series
method was done to explain the unexpected variation in solar activity indices in
the last solar activity cycle (SAC 23) [8,9].

All SG classification data were taken from the National Geographical Data
Center and they include various observational parameters of SGs and SSCs for
each group recorded during the observed day. The data were collected by the
United States Air Force/Mount Wilson Observatory (USAF/MWL). We used
the Rome Astronomical Observatory (ROME) and the Learmonth Solar Obser-
vatory (LEAR) data as the principal data source for SAC 21, SACs 22 and 23,
respectively. Zurich classification for cycle 21 and the modified Zurich (McIn-
tosh) classification data for cycles 22–23 and the first half of cycle 24 were used.
The data for TSI and full disk magnetic activity of the Sun were taken from
SOLAR 2000 data and Wilcox Solar Observatory, respectively. The data for fac-
ulae and Ca II K-line were based on daily synoptic full-disk images obtained by
photoelectric photometry of sunspots at the San Fernando Observatory (SFO).
The plage and Ca II K-flux observations were taken from the Kodaikonal Data
(KKL). Detailed analysing techniques can be found in [8,9].

Although all the properties of the SAC 23 conform to the structure of so-
lar activity, an increase was observed in the intensity of UV region for certain
wavelengths. This indicates that the increase of intensity is a direct change in
the inner structure of the sun rather than being affected by temperature or sur-
face parameters. Helio-seismic data have also shown a surprising anti-correlation
between frequencies and activity proxies during the minimum between SACs 23
and 24. The heavy element abundances affect the helio-seismology by causing
changes in the convection zone-structure, and changes in the convection zone will
affect the radiative opacities, the boundary between the radiative and convection
zones and the equation of state [8]. Normally, the helio-seismic oscillations are
associated with the inner part of the Sun while we are working on the upper
photopshere and chromosphere of the Sun. However, our suggested theory is also
proved by the discrepancy of SAC 23 with helioseismological study [11] and they
found similar abnormal increases in their analysis. We thought that if something
exists inside the Sun, it can easily affect the atmospheric layers. In particular,
the possible changes in plages, as well as the chemical effects of internal structure
that cause these regions to change, will also affect the chromospheric radiation.
These effects will be even more important for wavelengths below 400 nm since
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the bound-bound absorption of metallic lines below 400 nm has a very important
effect on the optical thickness, and rapid changes in the UV spectral region firstly
affect the heavy element ions.

From our data analysis results, we found a negative correlation of intensity
of the UV (from 289.5 nm to 300.5 nm) spectral line (corresponding to the Fe II
chemical element ion in 298.5 nm) originating in the solar chromosphere with the
ISSN index during the minimum between SACs 23 and 24. Similar results for UV
spectral lines have been obtained by [11] using five years of daily EUV spectral
data recorded by the TIMED/SEE (NASA Thermosphere Ionosphere Mesosphere
Energetics and Dynamics/Solar EUV Experiment) satellite. In the UV ranges of
the spectrum, chromospheric metal ions are especially increased and this increase
is more powerful for the metal iron for the decreasing phases of SACs 22 and 23
(298.5 nm). So, any physical changes (e.g. the velocity, acceleration, the density,
and the radius of the medium) that will occur in the UV region substantially
affect the heavy element ions [8].

In order to prove our theoretical model, the best is to perform the spectral
analysis corresponding to the wavelength of 298.5 nm. We need analytical so-
lutions of spectral data exchange for iron and iron group elements in the solar
composition; in our future work we will prove the theory that we have proposed
in Eq. (14) by looking at whether the other spectral data observations match our
spectral data or not for SACs 21–23.

4. Conclusions. The goal of our study is to investigate the anomalous ac-
tivity from the beginning of SAC 23 which can play a significant role in the
further development of SAC 24 and in the forecasting of activity parameters for
the future cycles. In SAC 23, the surfaces covered by plages on the Sun were
smaller and this might have caused the increase of the ratio between facula and
plage, and the magnetic field flux from the Sun was lower. The most important
decrease for the total and average area of plages was seen in the decreasing phase
of SAC 23, but in spite of this Fe II (298.5 nm) chromospheric ion in the UV
region showed a distinctive increase. From these results, we can say that plage
regions and the emergence of the magnetic flux from the Sun have shown the most
distinctive variations between SACs 21–23 than the other solar activity indices.
The other chromospheric ions such as C II, Co II, Cr II, Mg II, Mn II, Ni II
and Ti II in other wavelengths also affect the intensity but not so much as the
Fe II ion because the highest ionization level only occurs for the metal iron [8].
Ionization level is related with the velocity: it becomes higher as the velocity
increases and the density decreases. Increasing velocity also causes the increase
of the acceleration and intensity.

Therefore, this increasing caused us to investigate different phenomena from
the previous studies, and we tried to connect this increase of the SSI intensity
with the classes and the numbers of sunspots/ sunspot groups, faculae and plage
regions, and Ca II K-index and thereby investigate the possible elements corre-
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sponding to these wavelength ranges and examine whether these elements affect
the increase or not.

Most systems found in nature are not in thermodynamic equilibrium because
they are changing or can be triggered to change over time, and are continuously
and discontinuously subject to fluxes of matter and energy to and from other
systems. The thermodynamic study of non-equilibrium systems requires more
general concepts than are dealt with by equilibrium thermodynamics. This is
why photospheric and faculaer physical models have been derived by calculations
in non-local theromodynamic equilibrium (non-LTE or NLTE) [16].

Our general equation (14) indicates the total intensity coming from the plage
region on the Sun. In the UV region and at the temperatures lower than 2×104 K
which the chromospheric emission lines formed, there is no local thermodynamic
equilibrium and the source function can no longer be considered to be a Planck
function as mentioned by [16–18]. Therefore, we can combine Eq. (14) with equa-
tions ([16], (3)), ([17], (1)), ([18], (1)), respectively. In these equations the total
source function Sj(∆λ) equals the sum of the depth variation of the line source
function (Sl) and continuum source function (Sc), and Sj(∆λ) is obtained by
simultaneously solving the equation of radiative transfer and the equation of sta-
tistical equilibrium. The new equation generated by the addition of the equations
given in [16–18] to our general Eq. (14) will be formed in our next paper and an-
alytical solutions will be done as well.
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Fig. 1. (a) The geometry of the electric fields. Here the X-direction denotes the direction of the
moving charge perpendicular to the electric field and the Y -direction denotes the direction of the
acceleration vector with respect to the line of sight. (b) Dipolar form of the energy loss. Here
α is the pitch angle of V with respect to the magnetic field B. For circular motion, the velocity
perpendicular to the magnetic field equals V⊥ = V sinα. For pure circular motion V// = 0 and

the pitch angle equals α = π/2 (courtesy of [14])



Fig. 2. The cartesian coordinate system corresponds to the geometry of the total power emitted
by an accelerated charged particle. The power received in equally divided patterns in any
direction is proportional to the component of V̇ perpendicular to the line-of-sight. The TSI
variations are determined by the sum of the power received from all these patterns separately.
We assume that one of these patterns corresponds to a particular area of one plage region on the
solar chromosphere. A charged particle having a velocity vector that has a component parallel to
a uniform magnetic field moves in a helical path and the plane is perpendicular to the magnetic

field (courtesy of [14])
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