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ABSTRACT

Major solar flares are prone to occur in active region atmospheres associated with large, complex,
dynamically-evolving sunspots. This points to the importance of monitoring the evolution of starspots,
not only in visible but also in ultra violet (UV) and X-rays, in understanding the origin and occurrence
of stellar flares. To this end, we perform spectral irradiance analysis on different types of transiting
solar active regions by using a variety of full-disk synoptic observations. The target events are an
isolated sunspot, spotless plage, and emerging flux in prolonged quiet-Sun conditions selected from
the past decade. We find that the visible continuum and total solar irradiance become darkened when
the spot is at the central meridian, whereas it is bright near the solar limb; UV bands sensitive to
the chromosphere correlate well with the variation of total unsigned magnetic flux in the photosphere;
amplitudes of EUV and soft X-ray increase with the characteristic temperature, whose light curves
are flat-topped due to their sensitivity to the optically thin corona; the transiting spotless plage does
not show the darkening in the visible irradiance, while the emerging flux produces an asymmetry in
all light curves about the central meridian. The multi-wavelength sun-as-a-star study described here
indicates that such time lags between the coronal and photospheric light curves have the potential to
probe the extent of coronal magnetic fields above the starspots. In addition, EUV wavelengths that
are sensitive to the transition-region temperature sometimes show anti-phased variations, which may
be used for diagnosing plasmas around starspots.

Keywords: Solar spectral irradiance — Sunspots — Solar active regions — Solar flares — Solar analogs
— Starspots — Stellar flares — Time domain astronomy

1. INTRODUCTION

The most prominent manifestations of magnetic ac-
tivity on the Sun are active regions (ARs), which
contain sunspots (Solanki 2003), and whose evolu-
tion drives solar flares having energies of up to 1032
erg (Fletcher et al. 2011; Shibata & Magara 2011; Benz
2017). Recent Kepler, TESS, and ground-based ob-
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servations reveal that similar but much more ener-
getic superflares, with bolometric energies of 1033 to
1036 erg, can happen on slowly-rotating stars like
the Sun (Maehara et al. 2012; Shibayama et al. 2013;
Notsu et al. 2019). From the consistency of the observed
statistical trends between the solar and stellar flares, it
is speculated that these two phenomena share common
driving mechanism, i.e., the releasing of free magnetic
energy in association with magnetic reconnection, prob-
ably in the corona above the spots.
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From the history of solar flare observation, it is known
that major flares tend to emanate from regions asso-
ciated with large, complex-shaped, rapidly-developing
sunspots (Schrijver 2009; Toriumi et al. 2013, 2017;
Toriumi & Wang 2019). Therefore, to understand the
origin and occurrence of stellar flares, it is important
to investigate the size, structure, and temporal evolu-
tion of starspots. Although it is still difficult to spa-
tially resolve starspots to examine their morphology and
complexity (Berdyugina 2005; Strassmeier 2009), visible
photometric observations show that superflare stars har-
bor starspots or starspot conglomerates of much larger
sizes than the sunspots (Notsu et al. 2013). The evolu-
tion of starspots, in particular their growth and decay
rates, has been investigated on collections of solar-type
stars (Namekata et al. 2019, 2020).

In regard to solar ARs, while the visible is sensitive
to the photosphere, we can probe the atmospheres of
different temperatures in other wavelength bands. For
instance, the physical state of the solar corona is di-
agnosed using extreme ultra violet (EUV) and X-ray
observables. In UV of longer wavelengths, we can in-
vestigate the chromosphere. Therefore, by conducting
multi-wavelength stellar observations, we may probe not
only the photosphere but also the corona, where the
magnetic field stores and releases the energy through
stellar flares. Moreover, ionizing radiation from EUV
and X-ray photons may even determine the habitabil-
ity of exoplanets by controlling the ionization states of
exoplanetary atmospheres, which emphasizes the impor-
tance of simultaneous observations in these wavelengths
(Airapetian et al. 2020).

Ever since the total solar irradiance (TSI) monitoring
from the space commenced in the late 1970s, it is known
that when a sunspot transits the solar disk, the TSI is re-
duced by an amount that is roughly proportional to the
spot area (e.g., Willson et al. 1981; Hudson et al. 1982).
When the spot is near the limb, on contrary, the TSI is
enhanced due to the excess emission of faculae because
the hot walls of the faculae, which are the vertical mag-
netic flux tubes in the photosphere, become increasingly
visible to the observer (Spruit 1976; Solanki et al. 2013),
as numerically modeled by, e.g., Keller et al. (2004) and
Carlsson et al. (2004). Zahid et al. (2004) analyzed the
transit of emerging flux and found an asymmetric light
curve, in a search for time-dependent correlation of spots
and faculae.

However, up to now, there have been few solar spectral
irradiance (i.e., multi-wavelength) studies of transiting
sunspots. Omne such exception is Woods et al. (2004),
who report that when the huge sunspot group AR 10486

(the maximum spot area being 2610 MSH') crossed the
disk, the TSI reduced by 0.34% (= 3400 ppm) while the
irradiances of Mg II k (2796 A) and H1 Ly-a (1216 A)
increased by 20% and 25%, respectively.

On other stars, there are even fewer multi-wavelength
observations of transiting starspots. Such studies are
hampered because of strong UV/EUV extinction by
the interstellar medium and the and the low sensi-
tivity and general lack of long, continuous observa-
tions by existing missions. In fact, many of the UV
long-term monitoring campaigns have been for active
binary systems (RS CVn or BY Dra-type binaries)
by IUE, EUVE, and FUSE (e.g., Stern & Skumanich
1983; Stern et al. 1992; Redfield et al. 2006). In X-
rays, rotational modulation has been studied on rapidly-
rotating young Suns by XMM-Newton and Chandra
(Sanz-Forcada et al. 2003; Flaccomio et al. 2005; Giidel
2007, and references therein), however investigations
into the rotational modulation of slowly-rotating, solar-
like stars remain difficult. Nevertheless, several space
UV missions are currently planned, such as ESCAPE
(France et al. 2019) and WSO-UV (Shustov et al. 2014),
and they may provide new and better opportunities to
realize the spectral irradiance monitoring of starspots.

In this study, we investigate the sun-as-a-star light
curves for different types of transiting ARs at various
wavelengths from visible, UV, EUV, to soft X-rays as
well as the photospheric total magnetic flux, with the
aim of characterizing the evolution of stellar ARs in
these wave bands. In particular, we target an isolated
sunspot, spotless plage, and emerging flux that appear
during prolonged quiet-Sun (QS) conditions where few
to almost no competing sunspots or plages are present.
From the resulting observables, we discuss ways to ex-
ploit stellar light curves for determining the character-
istics of stellar ARs.

It should be noted that the applicability of the results
to stars whose activity is substantially different from the
Sun is not warranted and the comparison is limited to
Sun-like stars (slowly-rotating G-type dwarfs) because,
for instance, thermal structures of the corona of young,
fast-rotating stars are likely to differ from that of the
Sun. Nevertheless, through the present study, we may
learn how transiting stellar ARs impact the light curves
of different wavelengths and how we can obtain a clue
to understand the properties of such ARs.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe the event selection and the observa-
tional data we analyzed. The resulting light curves are

1 Millionths of the solar hemisphere, which is equivalent to 3 x

108 km?.
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Table 1. List of Events Analyzed in This Study

Event Transiting object Start Central meridian End
QS .- 2019-Nov-27  00:00 2019-Dec-07 00:00 2019-Dec-17 00:00
Sunspot AR 12699 2018-Feb-01  00:00 2018-Feb-11 00:00 2018-Feb-21  00:00
Plage Return of AR 12713  2018-Jul-04 18:00 2018-Jul-14 18:00 2018-Jul-24 18:00
Emerging flux AR 12733 2019-Jan-14  13:00 2019-Jan-24 13:00 2019-Feb-03 13:00

NoTE—AIl dates and times are in UT.

presented in Section 3, whereas the detailed investiga-
tions are performed in Section 4. Finally, we summarize
and discuss the results in Section 5.

2. DATA ANALYSIS

In this study, we analyzed solar data for 20-day pe-
riods during which QS conditions continued or only a
single isolated sunspot, plage or flux emergence region
made a transit across the solar disk. We searched for
such events by browsing the monthly SDO/HMI magne-
togram animations from May 2010 through April 2020.
However, ideal events were found only during the solar
minimum between Solar Cycles 24 and 25. The time in-
tervals for each case along with the reference QS period
are summarized in Table 1.

For each case we generated light curves of a variety
of wavelengths ranging from visible, UV, EUV, to soft
X-ray. The data set and methods for light curve deriva-
tions are shown in the following subsections. For most of
the generated light curves, we applied smoothing by fil-
tering out the components with time scales shorter than
36 hr in the Fourier domain in order to minimize the
effects of short-term variations such as solar flares and
artificial noises. A mirror symmetric boundary condi-
tion was applied for the Fourier transforms. Figure 1
presents the light curves for the 20 days of QS condi-
tions starting at 00:00 UT on 2019 November 27. The
noise levels of these light curves are small, and result
from instrumental variation rather than photon noise
or readout noise, as discussed further in the following
subsections.

2.1. SORCE/TIM

The TSI data sets were obtained by the Total Irradi-
ance Monitor (TIM; Kopp et al. 2005) aboard the Solar
Radiation and Climate Ezperiment (SORCE; Rottman
2005). We downloaded the 6-hourly mean TSI data
(Level 3) from the archive’ and smoothed them by fil-
tering out the <36-hr components. The top left panel

2 http://lasp.colorado.edu/home/sorce/data/tsi-data,/

of Figure 1 presents the TSI curve for the QS period.
From the description of the TIM data, the noise level is
assumed to be constant at 5 ppm.

2.2. SDO/HMI

We used the full-disk continuum images taken by the
Helioseismic and Magnetic Imager (HMI; Scherrer et al.
2012; Schou et al. 2012) on board the Solar Dynam-
ics Observatory (SDO; Pesnell et al. 2012) to produce
the visible (photospheric) light curves at 6173 A. The
HMI line-of-sight (LOS) magnetograms were also used
for measuring the variations of the total unsigned mag-
netic flux. We used the sets of synoptic magnetograms®
and continuum images, both of which are rebinned from
the original 4096 x 4096 pixels to 1024 x 1024 by av-
eraging the values in the 4 x 4 pixel cell. The cadence
and duration are 1 hr and 20 days (i.e., in total ~ 480
snapshots for each observable), respectively, whereas the
pixel size and the entire field of view (FOV) are 2”0 and
2048 x 2048", respectively.

Because the sunspots and bright regions (faculae and
plages) have only small areal coverages on the solar
disk, with the maximum spot area being 240 MSH in
this study, intensity reductions and enhancements in the
light curves that are generated simply integrating the
HMI continuum images over the entire solar disk are al-
most completely obscured by the diurnal, annual, and
other variations caused by SDO’s orbital motion and
the eccentricity of Earth’s orbit, which are not easily re-
moved (e.g., Couvidat et al. 2016). Therefore, to min-
imize these effects, we normalized the disk-integrated
intensity of each snapshot (irradiance) by that of the
QS baseline image generated from the non-magnetized
pixels in the same snapshot (see below).

For each HMI continuum image, we first masked out
the magnetized (> 5 G) pixels using the simultaneous
magnetogram, and averaged the non-magnetized pixels
at each radial distance from the disk center in the az-

3 http://jsoc.stanford.edu/data/hmi/fits
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Figure 1. Collection of the disk-integrated light curves for the QS over the 20 days starting at 00:00 UT on 2019 November 27.
Diamonds represent the original data and, except for the Hinode/XRT and GOES/XRS, thick solid lines are the 36-hr smoothed
curves (see main text for the details). In most light curves, the fluxes are normalized by the mean values of the smoothed curves.
Dashed horizontal lines indicate the level where the normalized flux is unity. Because the variation of GOES/XRS for transit
events is significantly larger than those of the other wavelengths, the vertical axis is in logarithmic scale, with M, C, B and A
referring to the equivalent GOES flare categories. Associated photometric uncertainties are smaller than the size of diamond
symbols and thus are not shown. The data in this and subsequent timeseries figures show prominent diurnal patterns: these
are artifacts.
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imuthal direction to create a one-dimensional QS pro-
file as a function of radius. At the disk center, where
the pixel numbers are small, the function was deter-
mined by fitting a cosine function. As a result, a QS
baseline image was generated in such a way that each
pixel of a given radial distance contains the intensity of
the one-dimensional QS strip at the corresponding ra-
dial distance. Finally, we integrated the intensity in the
original continuum image Ity over the disk, took the
ratio to the counterpart of the QS baseline image Iqg
as

Fois(t) = /IHMI(t) dS/ /IQS(L‘) s, (1)

and repeated the above procedure for the set of ~ 480
frames to generate the HMI visible light curves.

In this light curve derivation, it is implicitly as-
sumed that the continuum intensity of the QS pix-
els is constant during each 20-day observation window.
Such an assumption may be justified by the work by
Withbroe (2006), who found that the short-term (weeks
to months) variation in TSI (or almost equivalently in
visible) is mainly attributed to intensity variations of re-
gions with enhanced magnetic fields of greater than 10
G. Also, as the ragged edges of the solar image due to
the finite-sized pixels caused the noise in irradiance, we
only used the pixels with radial distance of up to about
960" in the disk integration (Withbroe 2006).

The resultant HMI visible continuum light curve for
the QS period is shown in Figure 1 (top right). Here,
the smoothed light curves are made by filtering out the
<36-hr components after any observational gaps such as
the spacecraft eclipse are filled by linearly interpolating
the data. The observational error is estimated based on
Couvidat et al. (2016). While the SORCE data are opti-
mized for irradiance monitoring, we mainly use HMI vis-
ible light curves for analysis in the following sections be-
cause spatially resolved images allow us to identify which
structure contributes to the light curves and the higher
cadence enables better comparison with light curves of
other wavelengths.

The total unsigned magnetic flux was calculated for
each magnetogram by integrating the magnetic field
strength Br,os over the disk as

Pros(t) Z/lBLos(tﬂdS, (2)

with similarly removing the pixels near the limb. We
also corrected Brog for the LOS projection by dividing
it by cosf, where € is the viewing angle from the disk
center, and obtained the (approximately) radial mag-
netic flux:

Braalt) = [ 1050l ®)

Version 8

Response [DN cm’ s™' pix']

5.0 55 6.0 6.5 7.0 75
log,,(Temperature [K])

Figure 2. Temperature response functions for the six EUV
channels of SDO/ATA. Shown here is the version 8 issued on
2017 December 11, i.e., applicable to all ATA data sets used
in this study. Here 304 A is not shown because the He II
line at 304 A is not well modeled under the assumptions
of statistical equilibrium (Golding et al. 2014) and there-
fore is typically not used for DEM inversions (Warren 2005;
Boerner et al. 2012).

The noise estimation is based on Hagenaar (2001).
As the HMI total flux curves are known to present
oscillations of 24-hr and other time scales (see, e.g.,
Toriumi et al. 2014; Abramenko et al. 2017), they are
smoothed by removing the <36-hr components. The
original and smoothed total flux curves are presented in
Figure 1 (second row).

2.3. SDO/AIA

UV and EUV images are captured by SDO’s Atmo-
spheric Imaging Assembly (AIA; Lemen et al. 2012).
We used the AIA synoptic data’, which are generated
by processing the original 4096 x 4096-pixel Level 1 data
to Level 1.5 and reducing them to 1024 x 1024 pixels
through 4 x 4-pixel averaging. The data set is com-
posed of 1600 A, 1700 A, 304 A, 171 A, 193 A, 211 A,
335 A, 131 A, and 94 A channel images, each having the
pixel size of 274, FOV of 2458" x 2458", cadence of 1
hr, and duration of 20 days (i.e., about 480 frames each
depending on the SDO eclipse). The characteristic tem-
perature and representative spectral lines of each ATA
bandpass are shown in Table 2 (Lemen et al. 2012; see
also O’Dwyer et al. 2010 for thorough line lists). How-
ever, one should be reminded that each band has wide

4 http://jsoc.stanford.edu/data/aia/synoptic
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Table 2. Primary Ions and Characteristic Temperatures of the ATA Channels

Channel [A] Primary ion(s) Atmosphere log (T [K])
1600 continuum (+C IV) upper photosphere, transition region 3.7 (5.0)
1700 continuum photosphere 3.7
304 He II chromosphere, transition region 4.7
171 Felv quiet corona, upper transition region 5.8
193 Fe XII, Fe XXIV corona, hot flare plasma 6.2, 7.3
211 Fe X1V active-region corona 6.3
335 Fe XVI active-region corona 6.4
131 Fe VIII, Fe XXI transition region, flaring corona 5.6, 7.0

94 Fe XVIIT flaring corona 6.8

NOTE—Table based on Lemen et al. (2012).

temperature sensitivity, which is characterized by the
temperature response function in Figure 2.

Because it is difficult to generate AIA QS baseline im-
ages as we did for the HMI light curves, we assumed that
the detector degradation was negligibly small over each
observation window (i.e., 20 days) and, after normalizing
them by the exposure time and the Sun-SDO distance,
simply integrated the intensities in each frame:

FAIA(t) :/IAIA(t)dS. (4)

The resulting light curves were smoothed by suppressing
the <36-hr components after any gaps were filled. Noise
levels were estimated by using the ATA SolarSoftWare
routine aia_bp_estimate_error.pro and were much
less than 0.1% for all channels.

The resultant unsmoothed and smoothed AIA light
curves for the QS period are presented in Figure 1. Vari-
ation amplitudes of the diurnal oscillations in some of
the EUV channels (335 A and 94 A) are relatively large
because the data numbers (DNs) in these channels are
small. Typical DNs of these passbands are of order
unity for the time period considered. (In these cases,
the ~ 0.1 K change in the CCD temperature affects
the DNs at the sub-DN level, in turn causing the disk-
integrated DN to vary by a few percent. Such diurnal
variations are attenuated in the following analysis by the
36-hr smoothing.)

2.4. Hinode/XRT

The X-Ray Telescope (XRT; Golub et al. 2007)
aboard the Hinode spacecraft (Kosugi et al. 2007) rou-
tinely obtains the full-disk synoptic soft X-ray images
(Takeda et al. 2016)°. Currently the synoptic data are

taken twice a day around 6 and 18 UT although often
shifted or skipped due to other conditions (XRT bake-
out, Hinode eclipse, etc.).

From the downloaded XRT data, we left out the im-
ages which were taken outside of the +15-minute win-
dow centered at 6 or 18 UT, or whose pointings are
deviated by more than 5”. For reproducing the disk-
integrated light curves, we used Al.mesh and Al_poly
filter images, both peaked around log7 = 6.9 with the
highest responses to the temperature of all available
XRT filters (Narukage et al. 2011). Each 1024 x 1024-
pixel image has a spatial sampling of 2" (i.e. 2048"” x
2048"” FOV). The XRT irradiance is obtained by simply
integrating the pixels over each frame:

Frr(t) = / Txrer () dS. (5)

Because the cadence is 12 hr or longer (and is not con-
stant), we did not apply the 36-hr smoothing (see Figure

).

2.5. GOES/XRS

In addition, we plotted the GOES/XRS (1-8 A band)
light curves. We used the “science quality” Level 2 data
from GOES-16 satellite (1-min average)®. In Figure 1,
the GOES flux is steady around 4.2 x 1072 W m~2.

3. TRANSIT LIGHT CURVES
3.1. Sunspot: AR 12699

We first analyze the isolated sunspot group AR 12699,
whose light curves are summarized as Figure 3. Figure 4
shows the mosaic of the corresponding images with the

5 http://solar.physics.montana.edu/HINODE/XRT/SCIA /latest_month.thtkps: / /www.ngdc.noaa.gov/stp/satellite/goes-r.html
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Figure 4. Mosaic of the full-disk images for the transiting sunspot (AR 12699) with the corresponding light curves overlaid.
Shown here are the still images at 00:00 UT on 2018 February 11. From top left to bottom right, SDO/HMI continuum, HMI
magnetogram, SDO/AIA 1600 A, 1700 A, 304 A, 171 A, 211 A, 335 A, 131 A, 94 A, Hinode/XRT Al_poly, and GOES/XRS (no
image). The dynamic ranges of the light curves are consistent with those in Figure 3. An animation of this figure is available.
It covers 20 days of observing beginning at 00:00 UT, 2018 February 1 and the video duration is 8 s.
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light curves (see the accompanying video for the tempo-
ral evolution). This region rotated over the eastern limb
and appeared on the visible solar disk on 2018 February
3. It passed the central meridian just at the disk center
on February 11 with the maximum (reported) spot area
of 240 MSH. A number of solar flares including four C-
class events were produced before it left the visible disk
on February 17. Throughout this period, there were sev-
eral minor regions seen on the disk, but all of them were
short-lived, decaying, spotless plage regions.

The light curves in Figure 3 are normalized by the
mean values of the smoothed curves during the first 24
hr, i.e., when the solar disk remained quiescent. The
timings when the AR appeared on the eastern limb and
disappears at the western limb are overplotted, which
are determined by visually inspecting the photospheric
images.

From the TSI and visible continuum (HMI 6173 A)
light curves, it is evident that the spot causes a remark-
able reduction in irradiance (“dip”) around the central
meridian transit with two enhancements (“shoulders”)
when the spot is near the east and west limbs. The am-
plitudes of the dips are 170 and 240 ppm for the TSI
and visible, respectively, and their maximum enhance-
ments are 70 and 80 ppm, respectively. These values are
much greater than the QS variations in Figure 1. The
reduction in the visible irradiance of 240 ppm is quite
reasonable considering that the maximum spot size is
240 MSH at the disk center. These features are well in
line with the previous TSI studies introduced in Section
1.

The total unsigned LOS magnetic flux in the photo-
sphere (HMI magnetogram) attains its peak value at
9.0 x 1022 Mx on February 11, marking the enhance-
ment of 22.8% from the reference QS level. The radial
magnetic flux curve shows more flattened profile than
the LOS flux. The peak value is 1.4 x 1023 Mx, which
is enhanced by 14.7% from its reference.

All ATA UV and EUV light curves, except for 171 A,
show mountain-shaped or flat-top profiles, and the peak
magnitude generally increases with the characteristic
temperature (see Table 2 and Figure 2 for the corre-
sponding characteristic temperatures). The reduction of
the 171 A irradiance is discussed further in Section 4.3.
One may notice that the unsmoothed high-temperature
light curves from the 131 A and 94 A channels of AIA,
which are sensitive to flaring plasmas, exhibit distinct
spikes with magnitudes far exceeding the diurnal fluctu-
ations. On closer inspection, it is clear that these spikes
appear concurrently with the GOES X-ray flares. Some
of the long-duration (>1 hr) events are temporally re-
solved.

The general trend of higher-temperature light curves
having larger peak magnitudes also applies to the soft X-
ray curves. The background levels are enhanced by 30%
(XRT Al.mesh) to more than one order of magnitude
(GOES) from the QS level. Although the cadence is
coarser than the other light curves, parts of the XRT
synoptic observations coincide with the X-ray flares and
show drastic enhancements in irradiance (e.g., the C1.5-
class event SOL2018-02-12T00:15).

The light curves that are sensitive to the transition-
region and coronal plasmas (i.e., EUV channels of 304 A
or higher and soft X-ray observables) start to become
enhanced about two days before the appearance of the
AR in the photosphere (indicated by the vertical dashed
lines). Together with its counterpart when the AR ro-
tates beyond the western limb, these time lags reflect the
extended coronal magnetic structures stretching above
the solar limbs. Geometrically, the two-day advance ap-
pearance could be accounted by a loop system of approx-
imate height ~ 40 Mm, consistent with what is seen in
the corresponding ATA images (see movie of Figure 4).

3.2. Plage: Return of AR 12718

The second case is the spotless plage region in July
2018, which is the decay product of AR 12713 from
the previous rotation. This plage region rotated into
the visible hemisphere on July 7 and disappeared at the
western limb on July 22. Its light curves are shown in
Figures 5 and 6.

The visible continuum (HMI 6173 A) and TSI curves
have two “shoulders” akin to the sunspot case. However,
these curves do not possess “dips” when the plage is at
the central meridian, and the TSI is even increased from
the reference QS level. The amplitude of the “shoul-
ders” are larger than those of the sunspot case, with the
maximum enhancement in the visible continuum being
170 ppm. The total LOS and radial magnetic fluxes are
8.5 x 10?2 Mx (increased by 19.2% from the reference
level) and 1.3 x 10?3 Mx (increased by 11.4%).

Most of the ATA UV and EUV curves show trends
similar to those of the spot case. The light curve from
the 171 A channel, in contrast to its anti-phased profile
for the transiting sunspot case, now shows a brighten-
ing especially in the first half of the plage transit, in line
with the trends of the other EUV curves. Unfortunately
there are not many XRT observations during this period,
partly due to an XRT bakeout. Therefore, the pointing
condition of < 5” is relaxed to keep enough data points.
Slightly before this plage rotates onto the visible disk,
a C1.6-class flare occurs (SOL2018-07-06T19:41) as ob-
served in the AIA 335 A and 94 A channels. Similarly to
the transiting sunspot case, starting and ending of the



TORIUMI ET AL.

Plage: return of AR 12713

0 2 4 6 8 10 12 14 16 18 200 2 4 6 8 10 12 14 16 18 20

1.0002 ~ ‘ o
5 ‘
&= GO S V0N
£ :
3 09999 3L
SORCE/TIM Total solar irradiance SDO/HMI 6173 A Continuum _
= e o s : R Atassanearey 145x10% &
E i SDO/HMI 6173 A Magnetogram SDO/HMI 6173 A Magnetogram 1.40x103 j
o E | K o
E | 1.35x10%=
& ! 1.30x10% é‘)
|
z | 1.25x10% 5
8 ST T 1.20x1023§
b 1.20 <
E 115 %
£
5 & L _______
Z & ]
SDOJAIA 335 A
»
=
=
g
)
4
96 3 1 | .
. 1107 : } _ : Hinolle/XRT Al_mesh } :%g y
5 ] E E
= 1059 /) S R o Ele=
E EVY S s W R ! ! E1.4E
2 1.00 4‘ 4. 3 : [ 2_1.2:2
0.95_5 1 : 1 1 1 1 1 1 1 : 1 3| Iililiiiliiiliiliiiliiliiili 7‘77 ;_1'0
1.2_: T T T T T T T T T __; .I | T T T T T T T ‘ T ;_3'5
< P _ Hmo‘ge/XRT Al_poly : ;_3’0 §
= M3 7 = I o F25=
g 103l -0 N F ! ! £2.0 g
~ I I E I | E1.5
“ 09 spojaia 103 & e 5 i S Sy
AR R o way = SamAREna aas e e e e I Y))
3y . F 1 GoBS/xrS 1-8 A S g
5 1.24 3 | | £ 107 (0) g
= 114 \ E ! ! ;
e Y A 3 k107 ®) B
5 1.0 4 | | E . E v
3 E L 10 =
“ 82_ SDOJAIA 211 A l 3 F107(A) 7
’ T . T T T T T T T . T 3 T T T T T T T T I 10-9

0 2 4 6 8 10 12 14 16 18 200 2 4 6 8 10 12 14 16 18 20
Time [day] from 2018-07-04 18:00 UT Time [day] from 2018-07-04 18:00 UT

Figure 5. Same as Figure 3 but for the transiting plage (return of AR 12713) starting at 18:00 UT on 2018 July 4.
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Figure 6. Same as Figure 4 but for the transiting plage (return of AR 12713). Shown here are the still images at 18:00 UT on
2018 July 14. An animation of this figure is available. It covers 20 days of observing beginning at 18:00 UT, 2018 July 4 and
the video duration is 8 s.
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transition-region and coronal irradiances of this event re-
veal time lags from the photospheric and chromospheric
counterparts (vertical dashed lines).

3.3. Emerging Fluz: AR 12733

We also analyze light curves corresponding to the
emergence of AR 12733, which emerged in the east-
ern hemisphere on 2019 January 21, crossed the central
meridian on January 24, and left the western limb on
January 31 (Figures 7 and 8). Now the visible contin-
uum, TSI, and magnetic flux curves are all quite asym-
metric about the central meridian. The visible contin-
uum shows a slight reduction (“dip”) and enhancement
(“shoulder”), both amounting to 70 ppm. The maxi-
mum spot size is recorded to be 90 MSH on the day
of west limb transit (January 31). The total LOS and
radial magnetic fluxes are 8.2 x 10?2 Mx (increased by
16.7% from the reference QS level) and 1.3 x 10% Mx
(11.7%), respectively.

The most noticeable feature of the UV, EUV, and soft
X-ray curves from the sunspot and plage cases is their
asymmetry. Because the AR continued to develop, the
EUV curves are peaked on the day when it passes the
western limb (January 31: vertical dashed line). How-
ever, the slow decay of these curves after that day is
likely affected by another spotless plage region that is
appearing at the eastern limb. Several X-ray flares, es-
pecially a C5.0-class event (SOL2019-01-26T13:12), are
seen in AIA 335 and 131 A light curves.

4. DETAILED ANALYSIS ON THE LIGHT CURVES

4.1. Correlations between UV/EUV Irradiances and
Photospheric Magnetic Fluz

In order to investigate the relationships between the
UV/EUV irradiances and the total magnetic flux in the
photosphere, we compute the linear Pearson correlation
coefficients between the smoothed AIA light curves for
all nine bands (Fara) and the smoothed total unsigned
magnetic fluxes for both LOS (®,0s) and radial (®,aq)
components. The result is summarized in Table 3.

The strongest correlations with correlation coefficients
2 0.8 are always found with regard to the channels with
low characteristic temperatures, i.e., 1600 A and 1700 A.
According to Simoes et al. (2019), the strongest contrib-
utors to the plage emissions in ATA 1600 A and 1700 A
are the continuum emissions that are formed near the
temperature minimum (rather than the emission lines
like C IV). The continuum contributions amount to 67%
and 87% in 1600 A and 1700 A, respectively. Therefore,
it is expected that these irradiances are sensitive to the
evolution of apparent area of the magnetized regions,
which may lead to the better correlations with ®1,0g

Table 3. Correlations between UV /EUYV Irradiance
and Photospheric Magnetic Flux

Channel [A]  Sunspot Plage Emerging flux

Faia vs ®ros
1600 0.89 0.92 0.88
1700 0.92 0.97 0.92
304 0.93 0.44 0.77
171 —0.63 0.26 —0.05
193 0.79 0.59 0.60
211 0.76 0.78 0.57
335 0.78 0.57 0.63
131 0.64 0.48 0.45
94 0.78 0.45 0.39

Fa1a vs @raa
1600 0.85 0.93 0.76
1700 0.88 0.86 0.79
304 0.97 0.62 0.86
171 —0.52 0.34 —0.12
193 0.89 0.74 0.76
211 0.87 0.84 0.79
335 0.90 0.71 0.78
131 0.79 0.63 0.62
94 0.88 0.60 0.58

NoTE—The values shown here are the linear Pearson
correlation coefficients between the smoothed AIA
UV/EUV light curves, Faia, and the smoothed
total unsigned LOS and radial magnetic fluxes of
HMI, ®1,05 and ®,nq. Values with higher correla-
tions (> 0.8) are shown in bold.

than ®,,4. However, in these ATA bandpasses, sunspots
are dark and, therefore, should have a weakening effect
to the correlations. This issue is further discussed in
Section 4.2.

In general, the correlations of the remaining channels,
ie., 304 A through 94 A, become worse with the char-
acteristic temperature. For each individual channel, the
correlations are better with ®,,q than ®1,0g, which is op-
posed to the trend of the low temperature channels, and
some of the correlation coefficients with ®,,4 are greater
than 0.8. These high temperature channels are sensitive
to the coronal plasmas, which are optically thin. There-
fore, once the target region is visible to the observer,
only the intrinsic evolution such as the growth of mag-
netic flux matters, not the viewing angle. This may be
the reason for better correlations with ®,.4.

The exceptional case is 171 A, which presents almost
zero to even negative correlations against the magnetic
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Figure 7. Same as Figure 3 but for the transiting emerging flux (AR 12733) starting at 13:00 UT on 2019 January 14.
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Figure 8. Same as Figure 4 but for the transiting emerging flux (AR 12733). Shown here are the still images at 13:00 UT on
2019 January 24. An animation of this figure is available. It covers 20 days of observing beginning at 13:00 UT, 2019 January
14 and the video duration is 8 s.
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Figure 9. Histograms of the normalized intensities of HMI
6173 A and AIA 1600 A for the two periods, 2018 February
11, when the sunspot AR 12699 is at the central meridian,
and 2018 February 15, when the spot is near the limb (the
visible light curve is at its peak). The 400" x 400" areas
are analyzed, which are shown on the right, but the off-limb
region is not used.

flux. The cause of this anti-phased evolution of 171 A
is discussed in Section 4.3.

4.2. Darkening and Brightening in Visible and UV
Light Curves

The visible continuum (HMI 6173 A) light curve of
the transiting sunspot case (Figures 3 and 4) shows the
reduction in irradiance (“dip”) when the spot is around
the central meridian and the brightenings near the limbs
(“shoulders”). This indicates that, around the central
meridian, the darkening effect of the sunspot umbra and
penumbra dominates the brightening effect of the facu-
lae around the spots, whereas the faculae have a prevail-
ing effect near the limbs.

Figure 9 compares the histograms of the normalized
intensities in the two cutout HMI continuum images
(400" x 400") at the central meridian (top) and at the
western limb (bottom: when the visible light curve is
at its maximum). In the present analysis, the limb
darkening effect is removed. The histogram for the

limb (bottom) reveals that there are many more bright
pixels in which the normalized intensity exceeds unity
(Imvr/ {(Invr) > 1) compared with the central meridian
case (top), as is evident from the accompanying HMI
images. Even though the umbrae and penumbrae are
still present at western limb, the extended faculae have
a dominant contribution. As a result, the average inten-
sity within the 400” x 400" window is 1.0067 (> 1) for
the limb, leading to the formation of the “shoulders”,
while it is 0.9985 (< 1) for the central meridian, i.e., the
“dip” is formed.

Although the UV bands, such as ATA 1600 A and
1700 A, exhibit no “dips” when the spot is at central
meridian, the similar competition for dominance be-
tween the spot and faculae should also exist because
these channels are sensitive not only to the chromo-
sphere but also to the photospheric continuum (Ta-
ble 2). The histograms for 1600 A in Figure 9 show
that, at the central meridian, although the dark pixels
(I1600/{I1600) < 1) do exist, there are a lot more bright
pixels (I1600/{(I1600) > 1). This overwhelms the dark-
ening effect of the spots and produces the mountain-
shaped profiles for the 1600 A irradiance, which is cor-
related well with the LOS magnetic flux.

4.3. Anti-phased Variations of 171 A Irradiance

The outlier amongst the UV, EUV, and soft X-ray
light curves is the 171 A channel of AIA, which shows
almost zero to even anti-phased variations (Table 3).
Namely, although ARs are observed in emission in
171 A, the disk-integrated irradiance can be reduced
from the QS level when they cross the disk. To investi-
gate the cause of this behavior, we perform a differential
emission measure (DEM) analysis of the ATA snapshots
using the DEM code developed by Cheung et al. (2015).
Figure 10 compares the EMs of different temperature
bins for the two periods, when the sunspot (AR 12699:
Section 3.1) is behind the limb (2018 February 1: top)
and when it is at the central meridian (2018 February
11: middle). When the spot is at the central meridian
(in fact at the disk center), EMs are all enhanced in the
spot region from the reference level (i.e., the QS period).
Outside of the spot, however, the EM is reduced, espe-
cially for the temperature bins of logT = [5.75,6.05].

To illustrate the EM reduction, the bottom left
panel shows the azimuthally-averaged EM for logT =
[5.75,6.05] along the radial distance (r) from the disk
center. As expected, the EM around the disk center
(r < 130”) is increased from the reference QS period.
However, in contrast, the EM is reduced in the outskirts
of the sunspot region (130” < r < 650”). This “dim-
ming” of the low temperature EMs survives even after
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Figure 10. DEM maps of the transiting sunspot AR 12699. The panels shown are the snapshots at 2018 February 01, when the
target AR is behind the limb (reference: top), and 2018 February 11, when the AR is at the central meridian (middle). The color
indicates the total EM within the log T bin indicated in each panel. The bottom left panel presents the azimuthally-averaged
EMs for log T = [5.75, 6.05] as a function of the radial distance from the disk center, whereas the bottom right depicts the EMs
integrated over the entire AIA FOV. The locations of AR 12699, the EM “dimming”, and the bins where EMs are reduced from
the reference are indicated with arrows. For this particular study, the original 4096 x 4096-pixel full-resolution ATA images are
used. Note that the pixels where the DEM code does not find the solutions due to insufficient DNs (about 30% each), which
are mostly located far above the limbs, and where unreasonably high temperature components are obtained (about 30% each)

are removed before the integration.

the EMs are integrated over the full FOV of AIA (bot-
tom right). This is the reason why the 171 A channel,
which is most sensitive to the transition-region temper-
ature at log7 ~ 5.8 (Table 2), is dimmed during the
spot transit.

On the other hand, the EM is increased in all other
temperature bins (i.e., logT > 6.1) and, therefore, we
can conjecture that the cause of the 171 dimming is

the DEM shift to higher temperatures. This is also the
reason for increased emissions in other ATA channels
that probe the coronal plasmas (and the soft X-ray light
curves).

5. SUMMARY AND DISCUSSION

In this study, we performed the analysis on the total
and spectral solar irradiances, in particular for visible,
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Figure 11. Schematic illustration of transit AR light curves
for different wavelengths. In each panel, the thick solid line
shows the temporal variation of irradiance, while the refer-
ence QS level is indicated by the horizontal axis. The mid-
dle of the curves represents the time when the target AR is
at the central meridian. This is the case for the transiting
sunspot. The spotless plage lifts the “dip” in the visible and
TSI curves to or even above the reference level, whereas the
emerging flux makes all the curves asymmetric about the
central meridian.

UV, EUV, and soft X-rays, for the transiting events of
an isolated sunspot, spotless plage, and emerging flux
during the extremely quiet solar conditions that were
selected from the past 10 years. The aim is to charac-
terize the evolution of stellar light curves as starspots

and other magnetic features rotate across the disks of
other stars. The key findings of this study are sum-
marized as follows and are schematically illustrated in
Figure 11.

1. Visible continuum and TSI light curves become
darker than the background level when the spot is
around the central meridian because the darken-
ing effect of umbra and penumbra dominates the
brightening effect of faculae. On the contrary, the
light curves are brighter when the spot is near the
limb, as the faculae are contributing more. This
behavior is consistent with previous TSI observa-
tions.

2. UV irradiances (e.g., 1600 A and 1700 A) take a
mountain-shaped profile and correlate well with
the LOS total unsigned magnetic flux in the pho-
tosphere. This is because these bandpasses are
sensitive to the continuum emission and respond
more to the presence of faculae than to the pres-
ence of spots.

3. EUV and soft X-ray irradiances show flat-top vari-
ations because the coronal plasma is optically thin
and thus is less dependent on the viewing angle.
This leads to the better correlations with the total
radial magnetic flux than the LOS flux. In gen-
eral, the amplitude of light curves are greater for
higher characteristic temperatures. The soft X-ray
flux in 1-8 A increases by more than an order of
magnitude even outside of the solar flare periods.

4. EUV bands of the transition region (log7T < 6.0,
eg., 171 A) show in-phased or anti-phased evo-
lutions with the other wavelengths. It becomes
bright when the emission of the AR is dominant
and darkened when the “dimming” effect of the
surrounding regions is more contributing.

5. Magnetic features can influence irradiances for
coronal lines even before they are evident in pho-
tospheric magnetograms. As a result, the presence
of coronal loop tops (which are bright in EUV and
soft X-ray wavelengths) can be seen from beyond
the limb. The resulting enhancements in coronal
light curves thus occur a few days before the cor-
responding changes in photospheric light curves as
active regions rotate onto the solar disk. Likewise,
EUV and soft X-ray light curves remain bright
even after active regions have rotated off the disk,
due to the vertical extent of the active region coro-
nae. The length of time such AR coronae are vis-
ible above the limb likely depends on the heights
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of coronal loops above the photosphere, which are
expected to be greater when the AR has a larger
photospheric footprint.

6. Spotless plage regions produce light curves that
are similar to the spot case in almost all aspects.
The most remarkable difference is that the visible
and TSI are not dimmed when the plage is near the
central meridian, and instead remains at about the
same level or even brighter than the background.
The emerging flux case is similar to the spot case
but all profiles become asymmetric about the cen-
tral meridian.

The goal of this study is to provide insight into the
characteristics of the spectral irradiance on other solar-
like stars. Apart from the near UV radiations (such as
1600 A and 1700 A), which might be used as the proxy
for the total magnetic flux on the stellar surface like
the Ca II H and K monitoring, the time lags between
the coronal and photospheric curves, for instance, are
worth considering because they likely reflect the exten-
sion of the coronal magnetic fields. Investigating addi-
tional samples is therefore needed to better characterize
the relationships between the time lags and the param-
eters of the transiting ARs.

Another feature of interest is the behavior of the
transition region (e.g., 171 A) irradiance. The DEM
analysis in Section 4.3 revealed that when the sunspot
crosses the disk, the “dimming” region is stretched far
outside the spot to 650" and it has a cause in the
DEM shift toward higher temperatures. This structure
is reminiscent of the “emerging dimming”, the 171 A
intensity-reduced areas that are observed in the close
proximity to the newly emerging flux regions for 3 to
14 hr (Zhang et al. 2012). These authors ascribe the
cause to the interaction between the newly emerging
flux and the preexisting fields, i.e., plasma heating due
to magnetic reconnection. Although the relation be-
tween the wider and longer-lived dimming considered
here and the emerging dimmings is not clear, it is pos-
sible that the magnetic fields of an isolated spot group
can extend far beyond and overwhelm the entire hemi-
sphere (Pevtsov & Acton 2001). Perhaps similar physi-
cal mechanisms such as the heating and upflows caused
by reconnection (Harra et al. 2010) may be at play.
The un-phased rotational modulation of these lines has
not been well known on the Sun before, but at least
Kazachenko & Hudson (2020) recently used SDO’s EUV
Variability Experiment (EVE) and found that emissions
of 171 A and other lines of log T < 6.0 are similarly re-
duced when an AR transits across the solar disk. From
the 171 A curves in the present study, it seems that

younger ARs (sunspot and emerging flux) tend to pro-
duce the dimming behavior. If this is the case, we may
be able to diagnose the plasma environments of the tar-
get starspots by comparing the coronal and transition-
region light curves.

Here we only analyzed the spectral irradiance of iso-
lated transiting objects, which are ideal and thus excep-
tionally rare even for our Sun in its activity minimum.
Therefore, the conclusions found here should be applied
only to the solar analogs, i.e., the slowly-rotating G-
type stars. Nevertheless, the present study provides in-
sight into how the AR atmospheres of other types of
stars evolve in UV and X-rays. For instance, young
(~100-500 Myr) rapidly-rotating solar analogs show
flares with energies far exceeding the solar range (see ref-
erences in Section 1). These stars show EM distributions
with a characteristic peak around 10 MK, suggesting
the possibility that their hotter coronae are maintained
by frequent stellar flares (Cnossen et al. 2007; Giidel
2007). The interaction of flare EUV radiations with the
upper atmospheres of terrestrial-type exoplanets may
drive atmospheric erosion and chemical reactions and
thus is critical in planetary habitability (Lammer et al.
2008, 2018; Cohen et al. 2014; Airapetian et al. 2016,
2017a,b, 2020; Johnstone et al. 2019). Furthermore, un-
derstanding the contributions of stellar ARs to spectral
irradiance is critically important as such variations in
light curves and inhomogeneities of stellar atmospheres
can hamper the identification of terrestrial exoplanets
around G- to M-type dwarfs (Apai et al. 2018; Schrijver
2020).

The measurements shown in this paper are entirely
from near-Earth spacecraft, which are all located within
the plane of the solar system. In stellar observa-
tions, however, the possibility of a star having multi-
ple starspots and whose rotation axis is inclined to the
LOS would need to be taken into account. To overcome
these issues, we need to call for assistance of light curve
modeling (e.g., Schrijver 1988). Future space UV mis-
sions have a potential to perform spectroscopic probing
of stellar and exoplanetary atmospheres. To make most
of these opportunities, further solar irradiance and spec-
troscopic studies are therefore necessary.
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