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Figure 2. Correlation between the average large-scale field strength derived
from the ZDI technique 〈|BV|〉 and age t, for the non-accreting stars in our
sample. The trend found (solid line) has a similar age dependence as the
Skumanich law (!" ∝ t−0.5). This relation could be used as an alternative
method to estimate the age of stars (‘magnetochronology’).

for more than two orders of magnitude in 〈|BV|〉 and three orders
of magnitude in t for the non-accreting stars. From our power-
law fit (solid line), we find that 〈|BV|〉 ∝ t−0.655 ± 0.045, which has
a similar age dependence as the Skumanich law (!" ∝ t−0.5) and
supports the magnetism–age prediction inferred by S72 that there
is magnetic field decay as the inverse square-root of age. A similar
power-law dependence is found between the unsigned surface flux
#V = 〈|BV |〉4πR2

" and age (#V ∝ t−0.622 ± 0.042).

3.1.2 Correlation with rotation period

Stellar winds are believed to regulate the rotation of MS stars.
The empirical Skumanich law, for example, can be theoretically
explained using a simplified stellar wind model (Weber & Davis
1967), if one assumes that the stellar magnetic field scales linearly
with the rotation rate of the star !". To investigate whether our
data support the presence of such a linear-type dynamo (B ∝ !" ∝
P −1

rot ), we present how 〈|BV|〉 scales with Prot in Fig. 3. Our results
show that 〈|BV |〉 ∝ P −1.32±0.14

rot (|ρ| = 0.54), indicating that our data
support a linear-type dynamo of the large-scale field within 3σ . A
similar nearly linear trend is found between the unsigned surface
flux #V and Prot, with a larger correlation coefficient |ρ| = 0.72.

Although the correlation between 〈|BV|〉 and Prot indeed exists
(with a negligible null probability), this relation has a significant
spread. One possible explanation for this spread could be that in
the Weber–Davis theory of stellar winds, a very simplistic field
geometry is assumed (a split monopole) with the entire surface of
the star contributing to wind launching. However, the complexity
of the magnetic field topology can play an important role in the
rotational evolution of the star (e.g. Vidotto et al. 2009, 2012; Cohen
et al. 2010). ZDI observations have shown that stellar magnetic
field topologies can be much more complex than that of a split
monopole. In addition, numerical simulations of stellar winds show
that part of the large-scale surface field should consist of closed field
lines, which do not contribute to angular momentum removal (e.g.
Vidotto et al. 2014). The large spread in the 〈|BV|〉–Prot relation
could therefore be explained by the differences in magnetic field
topologies present in the stars of our sample.

Figure 3. Correlation between the average large-scale field strength derived
from the ZDI technique 〈|BV|〉 and rotation period Prot, for the non-accreting
stars in our sample. Our data support the presence of a linear-type dynamo for
the large-scale field (i.e. 〈|BV |〉 ∝ !" ∝ P −1

rot ) within 3σ , although a large
scatter exists. The open symbols (not considered in the fit) are saturated M
dwarf stars without age estimates: blue squares for M" ≥ 0.4 M& (early
Ms), green circles for 0.2 < M"/M& < 0.4 (mid Ms) and red circles for
M" ≤ 0.2 M& (late Ms). The dotted line, at an arbitrary vertical offset, is
indicative of the slope found from ZB measurements between 〈|BI|〉 and Prot
(Saar 1996).

3.1.3 Correlation with Rossby number

Another possibility for the spread found in the relation between
〈|BV|〉 and Prot can be due to the fact that we are considering a broad
range of spectral types. Traditionally, the use of Rossby number (Ro)
instead of Prot allows comparison across different spectral types,
reducing the spread commonly noticed in trends involving Prot. Ro
is defined as the ratio between Prot and convective turnover time τc.
To calculate Ro for the non-accreting stars, we used the theoretical
determinations of τc from Landin, Mendes & Vaz (2010). Appendix
A5 shows how our results vary if we adopt different approaches for
the calculation of τc. For the eight stars that have masses outside
the mass interval for which τc was computed in Landin et al. (2010,
0.6 ≤ M"/M& ≤ 1.2), we adopt the following approximation. Stars
with a given age t and mass M" ≤ 0.6M& were assumed to have
τc = τc(M" = 0.6 M&, t) and for M" ≥ 1.2 M& were assumed to
have τc = τc(M" = 1.2 M&, t). As a result, for the former (latter)
group, the calculated τc is a lower (upper) limit, while Ro is an
upper (lower) limit. In this work, we do not assign errors to Rossby
numbers, but we note that these values are model dependent. For
the accreting stars, Ro was derived from an update to the models of
Kim & Demarque (1996), as detailed by Gregory et al. (2012).

In general, all our fits against Ro have larger unsigned Spearman’s
rank correlation coefficients than fits against Prot. Fig. 4(a) shows
〈|BV|〉 as a function of Ro, where we find that 〈|BV |〉 ∝ Ro−1.38±0.14.
This relation will be further discussed later on Section 4.1. Addi-
tionally, we found a similar power-law dependence between the
magnetic flux #V and Ro (Fig. 4b): #V ∝ Ro−1.19±0.14. Right/left
arrows in Fig. 4 denote the cases with lower/upper limits of Ro.

We note that the correlation between 〈|BV|〉 and Ro indeed has
less scatter than that between 〈|BV|〉 and Prot shown in Fig. 3. In spite
of the tighter correlation, a noticeable scatter still exists, which, as
discussed in Section 3.1.2, could be caused by different field topolo-
gies. It is also worth noting that the field topology and intensity can
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Figure 4. (a) Correlation between the average large-scale field strength
derived from the ZDI technique 〈|BV|〉 and Rossby number Ro, for the non-
accreting stars in our sample. Using Stokes I data, Reiners et al. (2009)
showed that 〈|BI|〉 saturates for Ro ! 0.1. Donati et al. (2008c) suggested
that there might be two different levels of saturation (dashed lines) among
the low-mass stars, caused by different efficiencies at producing large- and
small-scale fields. (b) Same as in (a), but now considering the magnetic flux
!V. Note that the bi-modality in the saturation level is removed if !V is
considered instead of 〈|BV|〉. Open symbols are as in Fig. 3. Solid lines show
power-law fits considering objects with Ro " 0.1. The dotted line (arbitrary
vertical offset) in the upper panel is indicative of the slope found from ZB
measurements between 〈|BI|〉 and Ro (Saar 2001).

change over a stellar magnetic cycle and this fact alone can also be
a source of scatter in our relations (although it is possibly not the
dominant source). For the large-scale field of the Sun, a variation of
a factor of ∼2 in 〈|BV|〉 is observed between the two maps used in
this work, when the Sun changed to a simplified, large-scale dipolar
topology at solar minimum (CR 1907) from a more complex one
at maximum (CR 1851). For stars like HD 190711, the variation of
〈|BV|〉 among the maps considered in this study is almost a factor
of 3.

3.1.4 Correlations with X-ray luminosity

Another interesting trend we found in our data is between the X-ray
luminosity LX and !V (Fig. 5). For the non-accreting stars we found
that LX ∝ !1.80±0.20

V . If we include the accreting objects, the slope

Figure 5. Correlation between X-ray luminosity LX and large-scale mag-
netic flux (!V = 4πR2

" 〈|BV |〉) derived from the ZDI technique for the
non-accreting stars in our sample. The open symbols are as in Fig. 3 and
were not considered in the fit (solid line). The dotted line, at an arbitrary
vertical offset, is indicative of the slope found from ZB measurements for
dwarf stars between LX and !I = 〈|BI |〉4πR2

" (Pevtsov et al. 2003). These
slopes are consistent with each other within 3σ , but samples with a large
dynamic range of 〈|BI|〉 are desirable to better constrain this result (see text).

Figure 6. Correlation between the ratio of X-ray-to-bolometric luminosity
(LX/Lbol) and large-scale magnetic field derived from the ZDI technique
(〈|BV|〉) for the non-accreting stars in our sample. The open symbols are as in
Fig. 3 and were not considered in our fit (solid line). The dashed line indicates
the saturation plateau for Ro ! 0.1 at log(LX/Lbol) % −3.1 (Wright et al.
2011). The dotted line, at an arbitrary vertical offset, is indicative of the
slope found from ZB measurements (derived from results by Saar 2001;
Wright et al. 2011).

between LX and !V flattens and we find that L
(all)
X ∝ !0.913±0.054

V

(fit not shown in Fig. 5).
We also investigate the trend between the ratio of X-ray-to-

bolometric luminosity LX/Lbol and the large-scale magnetic field.
Considering the dwarf stars represented by the filled symbols in
Fig. 6, we found that LX/Lbol ∝ 〈|BV|〉1.61 ± 0.15 (solid line).

3.2 Accreting PMS stars

Fig. 1 shows that the accreting stars form a different population
compared to the discless stars. Besides the presence of the disc
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[Vidotto+ 2014]

- On solar-like stars…

-     Rotation speed — Mag field strength — X-ray luminosity
-        (≒ Rossby number)         (≒ Total mag flux)

-   show strong correlations1

[1: Skumanich 1972; Pizzolato+ 2003; Wright+ 2011; Vidotto+ 2014]
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Flares & CMEs: Giant sunspots, huge flares and CMEs

How can we characterize stellar active regions?

- On solar-like stars…

-     Rotation speed — Mag field strength — X-ray luminosity
-        (≒ Rossby number)         (≒ Total mag flux)

-   show strong correlations1
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Superflare on Sun-like stars



1. Introduction

Some importance of Sun-as-a-star studies

Flares & CMEs: Giant sunspots, huge flares and CMEs

How can we characterize stellar active regions?

- On solar-like stars…

-     Rotation speed — Mag field strength — X-ray luminosity
-        (≒ Rossby number)         (≒ Total mag flux)

-   show strong correlations1

Extremely hot atmospheres: Strong XUV emission and winds

Do solar-like stars share common heating mechanism?

[1: Skumanich 1972; Pizzolato+ 2003; Wright+ 2011; Vidotto+ 2014]

Superflare on Sun-like stars

Heating by wave dissipation

Heating by “nanoflares”



2. Characterization of Stellar ARs
[Toriumi et al. 2020]



• Sun-as-a-star light curves
- Monitor starspots not only in visible but also 

in UV and X-rays to track atmospheric 
evolution

- → Test this possibility using solar data

- Plot full-disk light curves in various 
wavelengths when only a single sunspot 
group transits across the solar disk in 
prolonged quiet-Sun conditions

- Instruments
‣ SDO/HMI: visible imaging, magnetic fields
‣ SDO/AIA: UV and EUV imaging
‣ Hinode/XRT: soft X-ray imaging
‣ GOES/XRS: soft X-ray (no spatial res)
‣ SORCE/TIM: total solar irradiance (no spatial res)

‣ → 14 wavelengths in total Time (= rotation phase＊)
Irr

ad
ia

nc
e

2. Characterization of Stellar ARs
[Toriumi et al. 2020]

Visible light curve provides starspot area.

Any information from other wavelengths?



[Toriumi et al. 2020]



[Toriumi et al. 2020]



[Toriumi et al. 2020]



“Dip”: sunspot is dark 

“Shoulders”: faculae 
are dominant

[Toriumi et al. 2020]



Strong correlations of 
~0.9 between 
photospheric 

magnetic flux and 
chromospheric LCs



UV and X-rays: 
amplitude increases 

with temperature

[Toriumi et al. 2020]



Time lags due 
to extended 

coronal loops

[Toriumi et al. 2020]



WHAT’S THIS?

[Toriumi et al. 2020]



• Differential Emission Measure inversion:
- Emission measure as a function of temperature

EM =

Z
n2
e dV

<latexit sha1_base64="rAitQ8+NT7zFt8MiT64S8Af6BcQ="></latexit>

‣ EM of TR temperatures (0.6-0.8 MK) is reduced over a wide area around AR
‣ EM of coronal temperatures (>1.5 MK) is all increased

‣ → Significant heating of plasma, probably owing to AR, over ~40% of the solar disk over ~10 days

Brightening

See also
- Kazachenko & Husdon (2020)
- Singh, Sterling, & Moore (2021)
- Payne & Sun (2021)
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2. Characterization of Stellar ARs
[Toriumi et al. 2020]

AIA 171Å

←dimming



• Possible “tools” for diagnosing stellar ARs
(1) Visible for starspot size and evolution
(2) Near UV radiations as the proxy for the total magnetic flux on 

the stellar surface (like Ca II monitoring)
(3) Extreme UV sensitive to sub-MK for diagnosing plasmas 

around starspots
(4) Time lags between the coronal and photospheric curves 

for the extension of coronal magnetic fields

(1)

(2)

(3)

(4)

2. Characterization of Stellar ARs

Long-term, multi-wavelength monitoring of stars 
give us clues to understand AR evolutions



3. Universality of Atmospheric Heating
[Toriumi & Airapetian 2022]



3. Universality of Atmospheric Heating

identified pairs of images observed in two different filters,
Al.1 and AlMg, within 600 s of each other. The median
number of pairs is 16 with a maximum of 55 for a given day.
The Al.1/AlMg filter ratio is used to compute coronal
plasma temperatures. We convert X-ray emission into spec-
tral radiance by integrating a thermal spectrum over the
2.8–36.6 Å (0.3–4.4 keV) wavelength range, with the limits
corresponding to 1% of peak sensitivity through the Al.1
filter at Yohkoh launch. For this and subsequent radiance
computations, we employ the spectral models of Mewe,
Gronenschild, & van den Oord (1985) andMewe, Lemen, &
van den Oord (1986). The solar coronal abundances are
adapted from Meyer (1985). Modeling of the SXT response
to amultithermal coronal plasma has indicated that spectral
radiance for the SXT passband derived in this way, barring
unknown systematic errors, is accurate to about 10%
(Acton, Weston, & Bruner 1999). The SXT fluxes were aver-
aged over a given day and interpolated to magnetogram
dates. There are 775 data points in this data set.

2.2. X-Ray Bright Points

Longcope et al. (2001) analyzed 285 X-ray bright points
(XBPs) selected using the Extreme Ultraviolet Imaging
Telescope (EIT; Delaboudiniere et al. 1995) and the
Michelson Doppler Imager (MDI; Scherrer et al. 1995)
observations. For each XBP, they estimated the tempera-
ture, T, and emission measure, EM, using the ratio of EUV
fluxes in two (171 and 195 Å) spectral lines. The photo-
spheric magnetic fluxes of associated bipoles were derived
using MDI longitudinal magnetograms. To achieve spectral
consistency, we useYohkoh SXT data to measure soft X-ray
fluxes for 59 of the XBPs analyzed by Longcope et al.
(2001), for which reliable correspondence to SXT measure-
ments is possible. The SXT observations have been con-
verted into spectral radiance using temperatures from the
EIT measurements of Longcope et al. (2001) rather than
temperatures from the SXT filter ratios. Although the
results from the two methods are within a factor of 3 on
average, there is substantially less scatter using the EIT tem-
peratures. The SXT filter-ratio technique has relatively large

experimental uncertainties for faint, cool, coronal plasmas.
Typical XBP temperatures are T ! 1:6MK.

2.3. Solar Active Regions

Fisher et al. (1998) used 333 vector magnetograms of
solar active regions observed with the Haleakala Stokes
Polarimeter (Mickey 1985) and cotemporal SXT images to
compute the total unsigned magnetic flux and total X-ray
radiance averaged over entire active region areas. The mag-
netic flux was determined using vertical (with respect to the
solar surface) magnetic field. In this paper, the SXT count
rates were converted into spectral radiance by assuming a
coronal temperature of 3 MK and integrating a thermal
spectrum over 2.8 and 36.6 Å, as described earlier (Fisher
et al. used a 1–300 Å integration range).

The LX values from Fisher et al. (1998) were reduced by a
factor of 4 to correct for an incorrect conversion of Yohkoh
half-resolution images to full resolution in Fisher et al.
(1998). This does not affect any of the correlation studies
reported in Fisher et al. (1998).

2.4. Solar Disk Averages

We compute the total X-ray radiance and unsigned
magnetic flux averaged over the visible solar hemisphere for
the period from 1991 November 11–2001 December 15.
Magnetic fluxes are computed using NSO/KP daily
magnetograms. The daily averaged X-ray fluxes are com-
puted using Yohkoh SXL (soft X-ray histogram log files,
histograms of full-disk composite images). The coronal
temperatures have been derived using the ratio of two SXT
filters, and the conversion between the instrumental and
physical units has been done using the same approach as for
the quiet Sun. Typical solar X-ray disk temperatures are
T ! 2:5 MK. To improve the signal-to-noise ratio, we
excluded all pixels in the SXT frame beyond 1.1 solar radii.
Furthermore, since some X-ray radiation is associated with
the magnetic field at/behind the solar limb, we compute
solar rotation (27.2375 days) averages of the magnetic and
X-ray fluxes. The data set covers 127 solar rotations
beginning at Carrington rotation number 1849.

2.5. Dwarfs and T Tauri Stars

Fisher et al. (1998) computed X-ray radiance and total
magnetic flux of 16 dwarf stars (types G, K, and M) using
X-ray surface flux, magnetic field strength, and magnetic
filling factor published by Saar (1996). The magnetic flux
was computed from the field strength and the filling factor
by multiplying these two parameters by estimated surface
area of each star. The X-ray spectral radiance was computed
in the same way by multiplying the surface flux density by
estimated stellar surface area. The X-ray data are compo-
sites of ROSAT (0.1–2.4 keV energy range), Einstein
Observatory (0.2–4.5 keV), and EXOSAT (0.04–4.5 keV)
observations. Thus, the stellar and solar X-ray observations
cover approximately the same energy range. A similar
approach has been applied to the T Tauri stars observed by
Johns-Krull & Valenti (2000; BP Tau, Hubble 4, and T Tau)
and Johns-Krull et al. (2000; DF Tau, TW Hya, and DK
Tau). X-ray radiances for these stars are adopted from
Walter & Kuhi (1981; DF Tau), Webb et al. (1999;
TW Hya), and Neuhaeuser et al. (1995; BP Tau, DK Tau,
Hubble 4, and T Tau).
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Fig. 1.—X-ray spectral radiance LX vs. total unsigned magnetic flux for
solar and stellar objects. Dots: Quiet Sun. Squares: X-ray bright points.
Diamonds: Solar active regions. Pluses: Solar disk averages. Crosses: G, K,
and M dwarfs. Circles: T Tauri stars. Solid line: Power-law approximation
LX / !1:15 of combined data set.
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Mag flux̶X-ray scaling [Pevtsov+ 2003]

Power-law index α=1.15
<latexit sha1_base64="FPyRucEaRwUD44sSg+jq2x7ft1I="></latexit>

F / �↵

• Previous studies
- X-ray luminosity has a uniform scaling relationship with a 

power-law index of α ≃ 1.15

- One of the key results of JAXA’s Yohkoh satellite
- Barometer for efficiency of coronal heating in regard to 

surface magnetic flux1

• What about in other lines (= temperatures)? 2

- Analysis of Sun-as-a-star synoptic data over 10 yr
- X-ray, EUV, UV, optical, and radio
- corresponding to corona (logT=6-7) to chromosphere 

(logT=4)
- Compare scaling with stellar data

[1: Fisher+ 1998; Pevtsov+ 2003; Vidotto+ 2014; Reiners+ 2022]
[2: Skumanich 1975; Schrijver+ 1989; Rutten+ 1991; Loukitcheva+ 2009; Barczynski+ 2018]

[Toriumi & Airapetian 2022]



• Solar synoptic data over 10 yr

3. Universality of Atmospheric Heating

Total magnetic flux and representative emission lines

Total mag flux

X-ray

Fe XV 284 Å

C II 1335 Å

Ly-alpha

Mg II k

2010 May
(SDO operation begins)

2020 Feb
(SORCE operation ends)

• Calculate basal flux and residual
- Basal fluxes  are defined as medians of data 

from Mar 2019 to Feb 2020 with following criteria
‣ Sunspot number = 0
‣ Total sunspot area = 0
‣ Magnetic flux < 5th percentile of all time

- Residual  =  Light curve  −  Basal flux

‣ Basal flux: background heating
‣ Residual: heating due to magnetic elements

[Toriumi & Airapetian 2022]

Total radial unsigned magnetic flux
‣ daily value
‣ generated from four full-disk line-of-sight 

magnetograms per day
16 spectral lines/bands
‣ daily value
‣ X-ray to radio
‣ logT=3.8—7

Line centers and widths adopted from Ayres (2021)
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3. Universality of Atmospheric Heating
[Toriumi & Airapetian 2022]

• Solar data
- X-rays show α=1.16, consistent with Yohkoh results
- Other lines also show power-law scalings, although 

the α values are smaller for cooler temperatures

• Stellar data
- Mainly G-dwarfs with ages from 50 Myr to 4.5 Gyr
- Total magnetic flux based on Kochukhov et al. (2020)
- Irradiance from published data

• Comparison of Sun and stars
- Stellar data points are located at extensions of solar 

scaling laws for all spectral lines (= all temperatures)

✓ Heating mechanism is universal among the 
Sun and stars, regardless of age or activity
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3. Universality of Atmospheric Heating
[Toriumi & Airapetian 2022]

• Solar data
- X-rays show α=1.16, consistent with Yohkoh results
- Other lines also show power-law scalings, although 

the α values are smaller for cooler temperatures

• Stellar data
- Mainly G-dwarfs with ages from 50 Myr to 4.5 Gyr
- Total magnetic flux based on Kochukhov et al. (2020)
- Irradiance from published data

• Comparison of Sun and stars
- Stellar data points are located at extensions of solar 

scaling laws for all spectral lines (= all temperatures)

✓ Heating mechanism is universal among the 
Sun and stars, regardless of age or activity

Table 3
Characteristics of the Sun-like Stars

HD Name Sp. Type Teff glog Age Prot R Φ X-rays 5.2–124 Å Fe XV 284 Å C II 1335 Å Lyα Mg II k+h
(K) (Myr) (days) (Re) (Mx) (W m−2) (W m−2) (W m−2) (W m−2) (W m−2)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

1835 BE Cet G3V 5837 4.47 600 7.78 1.00 4.55 × 1024 4.80 × 10−2, 1.78 × 10−2 L L L 6.04 × 10−2

20630 κ1 Cet G5V 5742 4.49 600 9.3 0.95 2.61 × 1024 2.19 × 10−2, 2.56 × 10−2 2.40 × 10−3 9.50 × 10−4 3.01 × 10−2 7.09 × 10−2

39587 χ1 Ori G0V 5882 4.34 500 4.83 1.05 2.47 × 1024 3.48 × 10−2, 3.73 × 10−2 5.00 × 10−3 1.52 × 10−3 4.16 × 10−2 1.18 × 10−1

56124 G0V 5848 4.46 4500 18 1.01 4.78 × 1023 9.79 × 10−2 L L L L
72905 π1 Uma G1.5V 5873 4.44 500 4.9 0.95 3.08 × 1024 4.48 × 10−2, 2.96 × 10−2 5.00 × 10−3 1.52 × 10−3 4.22 × 10−2 8.93 × 10−2

73350 V401 Hya G5V 5802 4.48 510 12.3 0.98 2.43 × 1024 2.05 × 10−2 L L L L
76151 G3V 5790 4.55 3600 20.5 1.00 2.62 × 1024 7.78 × 10−3 L L L L
82558 LQ Hya K1V 5000 4.00 50 1.601 0.71 1.39 × 1025 3.24 × 10−1, 2.43 × 10−1 L L 5.91 × 10−2 7.27 × 10−2

129333 EK Dra G1.5V 5845 4.47 120 2.606 0.97 1.52 × 1025 3.03 × 10−1, 2.52 × 10−1 2.20 × 10−2 4.70 × 10−3 L 1.26 × 10−1

131156 ξ Boo A G7V 5570 4.65 200 6.4 0.83 1.13 × 1025 2.58 × 10−2, 2.83 × 10−2 L L 3.53 × 10−2 6.19 × 10−2

166435 G1IV 5843 4.44 3800 3.43 0.99 4.94 × 1024 1.12 × 10−1 L L L L
175726 G0V 5998 4.41 500 3.92 1.06 1.26 × 1024 4.48 × 10−2 L L L L
190771 G2V 5834 4.44 2700 8.8 1.01 3.48 × 1024 4.80 × 10−2 L L L L
206860 HN Peg G0V 5974 4.47 260 4.55 1.04 1.92 × 1024 3.56 × 10−2, 2.52 × 10−2 L L L 5.90 × 10−2

Sun (mean) G2V 5777 4.44 4600 25.4 1.00 1.73 × 1023 4.24 × 10−4 4.12 × 10−5 1.84 × 10−4 6.77 × 10−3 2.55 × 10−2

(median) 1.67 × 1023 3.87 × 10−4 3.59 × 10−5 1.82 × 10−4 6.69 × 10−3 2.52 × 10−2

(max) 3.35 × 1023 1.01 × 10−3 1.27 × 10−4 2.46 × 10−4 8.94 × 10−3 3.06 × 10−2

(min) 1.16 × 1023 1.85 × 10−4 5.68 × 10−6 1.52 × 10−4 5.60 × 10−3 2.32 × 10−2

Note. The HD number, name, spectral type, effective temperature, surface gravity, age, rotation period, and radius of the stars are shown in Columns 1–8. Column 9 shows the total hemispheric magnetic flux estimated
based on the Zeeman broadening of the spectral lines. Columns 10–14 show the irradiances of X-ray 5.2–124 Å, Fe XV 284 Å, C II 1334.5 + 1335.7 Å, Lyα, and Mg II k+h (combined) in the literature, all converted to
the values at 1 au from the stars. For X-rays, multiple observations are shown (if they exist).
References. Turon et al. (1993), Valenti & Fischer (2005), McDonald et al. (2012), Gonzalez et al. (2010), Cole et al. (2015), Allende Prieto & Lambert (1999), Vidotto et al. (2014), Rosén et al. (2016), Oláh et al.
(2016), See et al. (2019), Kochukhov et al. (2020), Telleschi et al. (2005), Ribas et al. (2005), Takeda et al. (2007), Wood & Linsky (2010), Güdel et al. (1997), Wood et al. (2005), Schmitt et al. (1990), Dorren &
Guinan (1994).
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Mag flux̶multi-line proportionality F ∝ Φα
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α=1.16±0.03 α=1.15±0.03 α=0.79±0.02

α=0.89±0.02 α=0.96±0.02

3. Universality of Atmospheric Heating
[Toriumi & Airapetian 2022]

• Solar data
- X-rays show α=1.16, consistent with Yohkoh results
- Other lines also show power-law scalings, although 

the α values are smaller for cooler temperatures

• Stellar data
- Mainly G-dwarfs with ages from 50 Myr to 4.5 Gyr
- Total magnetic flux based on Kochukhov et al. (2020)
- Irradiance from published data

• Comparison of Sun and stars
- Stellar data points are located at extensions of solar 

scaling laws for all spectral lines (= all temperatures)

✓ Heating mechanism is universal among the 
Sun and stars, regardless of age or activity



3. Universality of Atmospheric Heating

Power-law index α as a function of T
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[Toriumi & Airapetian 2022]



3. Universality of Atmospheric Heating

• Corona: logT > 6
- Not only X-rays but also other coronal proxies consistently 

show α >1
- Explained by theoretical and numerical models [Zhuleku et al. 

2020; also Fisher+1998; Takasao+ 2020]

Power-law index α as a function of T

Temperature, logT(K)
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w
er
-la
w
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x,
 α

M. Shoda and S. Takasao: Corona and XUV emission modelling of the Sun and Sun-like stars
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Fig. 12. Unsigned magnetic flux �mag
unsign versus X-ray luminosity LX

(blue diamonds) and EUV luminosity LEUV (red circles). Results for the
fixed half loop length lloop = 20 Mm are shown. Solid and dashed lines
are the power-law fittings to the simulation results. Also shown, by the
dotted line, is the observational relation by Pevtsov et al. (2003).

Fig. 13. Magnetic filling factor on the photosphere f⇤ versus photon
number luminosity in the EUV range. Each simulation run corresponds
to each red circle. The black solid line shows the power-law fitting to
the simulation results.

relationship given by

log�EUV
photon = 20.40 + 0.66 log LX, (94)

where �EUV
photon is measured in unit of s�1.

4. Analytical arguments on coronal energy flux
Several scaling relations with respect to the loop length and
magnetic filling factor are provided in Sect. 3. In this section,
we analytically describe the coronal energy injection process
governing the scaling relations. Because energy is mainly trans-
ported as transverse fluctuations of the velocity and magnetic
field (Alfvén waves), the efficiency of Alfvén-wave transmission
into the corona is key to the analysis. This section is devoted to
reviewing the linear theory of Alfvén-wave propagation in a stel-
lar atmosphere and to provide analytical arguments for the origin
of the scaling laws discovered through the simulation.

Fig. 14. Inferred relations between X-ray luminosity and EUV emis-
sion. Top: correlation between the X-ray luminosity LX and EUV
luminosity LEUV. X-ray and EUV are defined in terms of wavelength
� as 5 Å < �  100 Å and 100 Å < �  912 Å, respectively. Each black
circle corresponds to the simulation run listed in Table 2, and the black
solid line shows the power-law fitting to them. Also shown, by the red
points with vertical error bars, are the empirical estimation by Sanz-
Forcada et al. (2011). Bottom: same as the top panel but for the X-ray
luminosity LX and photon number luminosity �EUV

photon.

4.1. Linear theory of Alfvén-wave propagation and reflection

A significant amount of Alfvén waves excited at the photo-
sphere is reflected before reaching the solar corona (Cranmer
& van Ballegooijen 2005; Verdini & Velli 2007). The relation-
ship between the Alfvén-wave transmission efficiency and the
loop properties in the linear regime remains unclear and shall be
discussed in this section.

Figure 15 illustrates the schematic of the concerned system.
The convection–magnetic field interaction excites the Alfvén
waves propagating upwards along the expanding flux tube. In
our simulation setting, the Alfvén speed is maintained at a nearly
constant value during the tube expansion (Eq. (4)). Because the
Alfvén-wave reflection is triggered by a gradient in the Alfvén
speed (Stein 1971; An et al. 1989; Vasquez 1990), the Alfvén
waves reflected in the flux-tube expansion region are feeble.
Therefore, the bulk of the reflection occurs in a layer between the
flux-tube merging height (where the flux-tube expansion ends)
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Table 1. Notations of the coordinates (r and s) and constant parameters.

Notation Meaning

r Radial distance from the stellar centre
s Coordinate along the flux-tube axis
G Gravitational constant
kB Boltzmann constant
mH Hydrogen mass
me Electron mass
h Planck constant
M� Solar mass
R� Solar radius
T� Solar effective temperature
⌦� Solar angular rotation rate

Notes. We note that subscript � denotes the solar fundamental
parameter.

Fig. 1. Schematic picture of the system. One-dimensional dynamics
along the axis of the closed flux tube is simulated. The axis is indicated
by the dotted line, while the flux tube surface is denoted by green lines.
The flux tube is intended to be nearly vertical and super-radially expand-
ing. The geometry of the loop is defined by the filling factor f and radial
distance r as functions of field-aligned distance s.

(Hollweg et al. 1982; Kudoh & Shibata 1999; Matsumoto &
Shibata 2010), solar and stellar coronal heating (Moriyasu et al.
2004; Washinoue & Suzuki 2019), and solar wind acceleration
(Suzuki & Inutsuka 2005; Shoda et al. 2018).

Hereinafter, the two perpendicular directions shall be
denoted by x and y. Thus, the local xy plane is perpendicular
to the axis of the loop. The flux-tube expansion is incorporated
through the scale factors in the x and y directions: hx,y. For
simplicity, the loop is assumed to expand isotropically in the
perpendicular directions. In terms of scale factors, the isotropic
expansion is represented by

hx = hy /
p

A(s), (2)

where A(s) is the cross section of the coronal loop. As hs = 1 by
definition, Eq. (2) results in

r · X = 1
A(s)

@

@s
(XsA(s)) ,

r⇥ X =
1p
A(s)

@

@s

⇣
Xx

p
A(s)

⌘
ey (3)

� 1p
A(s)

@

@s

⇣
Xy

p
A(s)

⌘
ex

for any vector field X, where ex,y represent the unit vectors
in the x, y directions. The 1D spherical coordinate system is
reproduced as a special case of A(s) = s

2.
The flux tube expands in the chromosphere as a response to

the exponential decrease in the ambient gas pressure (Cranmer
& van Ballegooijen 2005; Ishikawa et al. 2021). As a result of
this expansion, the filling factor of the magnetic field (flux tube)
f should increase nearly exponentially with altitude. Under this
assumption, we model the filling factor f as

f = min
"
1, f⇤ exp

 
r � R�
Hmag

!#
, Hmag = cmagH⇤, (4)

where f⇤ is the magnetic filling factor on the photosphere and

H⇤ =
kBT�R

2
�

GM�mH
(5)

is the pressure scale height at the photosphere. By this formula-
tion, we assume that the loop expands only in the chromosphere
and exhibits a uniform cross section in the corona, which is sup-
ported by some solar observations (Klimchuk et al. 1992, but see
a recent discussion by Malanushenko et al. 2021). Given that the
pressure scale height is uniform from the photosphere up to the
chromosphere, cmag = 2 yields a flux-tube expansion with a con-
stant plasma beta in altitude. In this work, we set cmag = 2.5 that
realises a slightly low-beta chromosphere. We have confirmed
that the choice of cmag does not have a significant influence over
the simulation results.

When the coronal loop extends to a region far above the
surface, the flux tube also undergoes the radial expansion /r

2,
where r is the radial distance from the stellar centre. Consider-
ing the chromospheric and radial expansions, the cross section A

is expressed as

A / r
2

f . (6)

We define the inclination of the flux tube by prescribing r

as a function of s. We consider nearly vertical flux tubes, so that
the vertical line of sight is nearly aligned with the axis of the flux
tube (Fig. 1). It is easier to calculate the DEM along the vertical
line of sight for this structure. In particular, we set

dr

ds
= tanh

2
6666664
10

⇣
lloop � s

⌘

lloop

3
7777775 , r|s=0 = R� (7)

where lloop is the half-loop length. The actual shape of the flux-
tube axis is displayed in Fig. 2. Combining Eqs. (4)–(7), the cross
section A(s) is well defined as a function of s.
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5.2-124 Å

F10.7cm

Fe XV 284 Å 
Fe XIV 211 Å 
FeXII 193＋195Å

[Shoda & Takasao 2020]

[Toriumi & Airapetian 2022]



• TR to chromosphere: logT < 6
- Power-law exponents fall below unity, α <1, indicating that the 

efficiency of chromospheric heating is weaker than the corona
- In line with the previous studies [Skumanich et al. 1975; Schrijver et al. 1989; 

Loukitcheva et al. 2009; Barczynski et al. 2018]

- Geometrical model by Schrijver et al. (1989) :

3. Universality of Atmospheric Heating

Power-law index α as a function of T

Temperature, logT(K)
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Si IV 1393 Å 
Si IV 1402 Å

He II 256 Å

Lyα

C II 1335 Å

Mg II k 2796 Å 
Mg II h 2803 Å

Ca II K 3949 Å 
Ca II H 3968 Å

[Toriumi & Airapetian 2022]

Mag flux density B

Intensity Ichrom

Mag flux density B

Intensity Ichrom

Convective 
flows

‣ Because (super)granules push the flux tubes near enough to each other, the 
free fanning is restricted and the effective area of the chromosphere is 
reduced, leading to a sub-linear proportionality, Fchrom ∝ Φα (α<1)

<latexit sha1_base64="21sIRNPySYFX9h8HblQgelISH7E="></latexit>

Fchrom / �
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Fchrom / �↵ (↵ < 1)

- Flux tube expansion is also a key for Alfven wave reflection 
[Cranmer & van Ballegooijen 2005]

- May require numerical modeling to understand why α<1



Solar cycle dependence of α

Solar cycle phase
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3. Universality of Atmospheric Heating

• α is smallest at solar maximum
- At minimum, the Sun has few active regions.

- At maximum, the Sun is filled with magnetic 
fluxes and loops. Therefore, the atmosphere is 
not effectively heated any more even if the new 
mag flux is supplied to the surface via flux 
emergence.

Flux emergence

Coronal loops

• Requires global effect in numerical modeling?

[Toriumi & Airapetian 2022]



3. Universality of Atmospheric Heating: Catalog Updated

• Radial magnetic flux
• X-rays 1–8 Å
• X-rays 5.2–124 Å
• Fe XV 284 Å 
• Fe XIV 211 Å
• Fe XII 193+195 Å
• F10.7 cm radio
• He II 256 Å + blends
• Si IV 1393 Å
• Si IV 1402 Å
• C II 1335 Å
• H I 1216 Å (Lyα)
• Mg II k 2796 Å
• Mg II h 2803 Å
• Ca II K 3934 Å
• Ca II H 3968 Å
• H I 6563 Å (Hα) 

Activity proxy Irradiance (3.8 < logT < 7)

Catalog of 
power-law index

[Toriumi et al. ApJS, accepted]



3. Universality of Atmospheric Heating: Catalog Updated

Activity proxy Irradiance (3.8 < logT < 7)

• Radial magnetic flux

• X-rays 1–8 Å
• X-rays 5.2–124 Å
• Fe XV 284 Å 
• Fe XIV 211 Å
• X-rays (XRT)
• Fe XII 193+195 Å
• Fe XII 1349 Å
• Fe X 174 Å
• Fe XI 180 Å
• F10.7cm radio
• Fe IX 171 Å
• N V 1238 Å
• N V 1242 Å
• C IV 1548 Å
• C IV 1551 Å
• C III 1175 Å
• He II 256 Å +blends 

• He II 304 Å
• Si IV 1393 Å
• Si IV 1402 Å
• Si III 1206 Å
• He I 10830 Å
• C II 1335 Å
• H I 1216 Å (Lyα)
• O I 1302 Å
• O I 1305 Å
• Mg II k 2796 Å
• Mg II h 2803 Å
• C lI 1351 Å
• Ca II K 3934 Å
• Ca II H 3968 Å
• H I 6563 Å (Hα) 
• Ca II 8542 Å

[Toriumi et al. ApJS, accepted]

Catalog of 
power-law index
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3. Universality of Atmospheric Heating: Catalog Updated
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Updated catalog: line number increasedPrevious result

[Toriumi et al. ApJS, accepted]

✓ Similarity of heating efficiencies (mechanisms) of transition region and chromosphere



3. Universality of Atmospheric Heating: Catalog Updated

Activity proxy Irradiance (3.8 < logT < 7)

• Radial magnetic flux

• X-rays 1–8 Å
• X-rays 5.2–124 Å
• Fe XV 284 Å 
• Fe XIV 211 Å
• X-rays (XRT)
• Fe XII 193+195 Å
• Fe XII 1349 Å
• Fe X 174 Å
• Fe XI 180 Å
• F10.7cm radio
• Fe IX 171 Å
• N V 1238 Å
• N V 1242 Å
• C IV 1548 Å
• C IV 1551 Å
• C III 1175 Å
• He II 256 Å +blends 

• He II 304 Å
• Si IV 1393 Å
• Si IV 1402 Å
• Si III 1206 Å
• He I 10830 Å
• C II 1335 Å
• H I 1216 Å (Lyα)
• O I 1302 Å
• O I 1305 Å
• Mg II k 2796 Å
• Mg II h 2803 Å
• C lI 1351 Å
• Ca II K 3934 Å
• Ca II H 3968 Å
• H I 6563 Å (Hα) 
• Ca II 8542 Å

[Toriumi et al. ApJS, accepted]
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3. Universality of Atmospheric Heating: Catalog Updated

Activity proxy Irradiance (3.8 < logT < 7)

• Radial magnetic flux

• X-rays 1–8 Å
• X-rays 5.2–124 Å
• Fe XV 284 Å 
• Fe XIV 211 Å
• X-rays (XRT)
• Fe XII 193+195 Å
• Fe XII 1349 Å
• Fe X 174 Å
• Fe XI 180 Å
• F10.7cm radio
• Fe IX 171 Å
• N V 1238 Å
• N V 1242 Å
• C IV 1548 Å
• C IV 1551 Å
• C III 1175 Å
• He II 256 Å +blends 

• He II 304 Å
• Si IV 1393 Å
• Si IV 1402 Å
• Si III 1206 Å
• He I 10830 Å
• C II 1335 Å
• H I 1216 Å (Lyα)
• O I 1302 Å
• O I 1305 Å
• Mg II k 2796 Å
• Mg II h 2803 Å
• C lI 1351 Å
• Ca II K 3934 Å
• Ca II H 3968 Å
• H I 6563 Å (Hα) 
• Ca II 8542 Å

• LOS magnetic flux
• Sunspot number
• Sunspot area
• F10.7 cm radio

[Toriumi et al. ApJS, accepted]

Catalog of 
power-law index



Historical solar observations
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[Toriumi et al. ApJS, accepted]

Catalog of α

3. Universality of Atmospheric Heating: Catalog Updated



Historical solar observations
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- Historical solar observations
- Stellar observations
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Sample reconstructed irradiances over centuries
X-rays 5.2-124 Å

Fe XV 284 Å

H I 1216 Å (Lyα)

Mg II k 2796 Å

1750                1800                1850                1900                1950                2000
Year

Pros: Relative differences between the proxies are less than 20% 👍
Cons: Scalings are measured only for the “very weak” cycle 24 👎

✓ New catalog provides means to empirically synthesize line irradiances

Catalog of α

3. Universality of Atmospheric Heating: Catalog Updated



4. Summary and Discussion

• Characterization of stellar ARs
- Test idea using Sun-as-a-star data
- Long-term, multi-wavelength monitoring of stars may 

provide means to track AR evolutions

• Universal atmospheric heating
- Comparison of scaling laws  between the Sun 

and Sun-like stars with ages from 50 Myr to 4.5 Gyr
- The heating mechanism is universal among the Sun and 

Sun-like stars, regardless of age or activity
- Updated catalog of power-law index can be used for 

reconstruction of line irradiances from various proxy data
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