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Introduction: Importance of the investigation of Stellar XUV/FUYV flux/spectra

Stellar X-ray & EUV (hereafter, XUV) flux, and FUV fluxes are required to
Constrain the effects on (exo)planetary evolution and habitable environments of rocky

(exo)planets (X-ray & EUV fluxes drive planetary atmospheric escapes)
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Introduction: Importance of the investigation of Stellar XUV flux/spectra

Stellar X-ray & EUV (hereafter, XUV) flux, and FUV fluxes are required to
I.  Constrain the effects on (exo)planetary evolution and habitable environments of rocky
(exo)planets (X-ray & EUV fluxes drive planetary atmospheric escapes)

ii. Understand the heating mechanism of stellar hot coronae(>10° K)/chromosphere (104 K)
- “Alfvén wave” heating or “nanoflare” heating?
- = Do the Sun and Sun-like stars share a common atmospheric heating
mechanism ?

Stellar XUV radiation
[from upper atmosphere]




Difficulty: Stellar EUV spectrum is NOT observable (for now)

Flux at 1 AU (erg s-' cm-2 A-1)

Stellar XUV spectra are very limited, especially for EUV range [36-92nm)].
- Strong interstellar medium absorptions & Lack of EUV high sensitive instruments
= Reconstruction of XUV spectra are important .

Previous approaches:
- flux-flux scaling law with X-ray/FUV flux : physical explanation
- Differential Emission Measure Analysis (from X-ray&FUV spectra): Need high cost observations
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X-ray flux - Magnetic flux scaling

. Universality of coronal heating
Mag flux—X-ray scaling [Pevtsov+ 2003] J =

————— How about other temperature ?
EUV ? FUV ?

- | Power-law index a=1.15 Sun-like stars
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NOTE: Stellar magnetic fluxes can be
(relatively easily) measured with ground-
based spectrosopic observations
(Zeeman broadening method as in
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[1] X-ray flux, EUV&FUYV line emission flux - Magnetic flux scaling

Total magnetic flux
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[1] X-ray flux, EUV&FUYV line emission flux - Magnetic flux scaling

Mag flux—multi-line proportionality F o« ® «

10° : : 10° * * 108 * '
107 4 . 1071 At 1071
< . (&9/ T g  Stellar data
2z 107 o ° =z 107+ g/‘”' 2 107 o ’ - Mainly G-dwarfs with ages from 50 Myr to 4.5 Gyr
g8 Sun 4 8 / g L - Total magnetic flux based on Kochukhov et al. (2020)
- - - - Irradiance from published data
= 107+ v LT 10 LT 0 -
// X-rays 5.2—-124 A : Fe XV 284 A Cl1335 A
1ot L logT=6-7 1ot /,/ E logT=6.4 10® . logT=4.3
e 0° 102 10 10® 0° 102 0% 10%e I I 1
i ) oo The universality holds for wide range of
temperature of 10*’ K of spectral lines
10’ 10° ! ' ' *
a=0.89£0.02 y e
— 10°- b 10° b ‘
p: / & /
S 8 £ 8
2 107~ S z 1074 g -
o o : . . . .
5 o o g . ﬂ/ v' Heating mechanism is universal for the Sun and
< i 2 A Sun-like stars, regardless of age or activity
10°L~ L~ 0] i
H11216 A (Lyw) Mg Il k+h
107 l ' ] ' . logT::La 10 ' ' 1 ' l IogT:f}.S
10 10% 104 10% 10%° 10% 10% 10%°

Mag flux (Mx)

Mag flux (Mx)

Toriumi & Airapetian (2022), Toriumi et al. (incl. Notsu) (2022)

cf. The flux — flux Relation in Tom Ayres Talk



Flux [erg s~ em™2 nm™]

[2] Sun-as-a-star emission spectra vs magnetic flux

 We analyzed a correlation between full Sun-as-a-star spectrum (0.5-180 nm, daily-averaged)
and total unsigned mag flux for each wavelength (spectral resolution is 0.1-1 nm)

@: total unsigned magnetic flux
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Result: Scaling relations for each wavelength

Power-low relations as a function of ¢ (total mag. flux) was derived for each wavelength
= If stellar total magnetic flux is known, then we can derive stellar EUV spectrum
Table 3
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Note. The data are plotted in Figure 4 with blue lines. ¢ is given in units of Mx. Wavelength [nm]

@, is the basal level of the magnetic flux, which is given as 1.18 x 10>* Mx.

(This table is available in its entirety in machine-readable form.)

= Then we compare with nearby Sun-like stars having the previous measurements of
the mag. field and XUV spectra and discuss the predictability of our method!



Irradiance [erg s~! cm~2 nm~! at 1 AU]

Extended spectra vs. observations : X-ray + EUV
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* EK Dra
- Age: 100 Myr & Teff: 5845 K
- Mag: 1.5 x 10%> Mx (~120 x solar max)
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Good agreement especially for X-ray and shortward EUV range (<36nm)
= Suggests good prediction ability of our methods for estimating missing EUV range




Discussion

There are several factors that are not included
» Effects of Coronal Abundance (e.g., any differences between active and inactive stars ??)

* Young Stars like EK Dra produces frequent superflares [e.g., Audard+2000]
= Flares can significantly contribute to the X-ray / EUV emission in very active Sun-like stars
Note: our scaling is only for the quiescent XUV/FUV spectrum
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The Advantage and Applications of Our Model

 The advantages in estimating stellar XUV+FUV spectrum
1. Magnetic flux measurements are available from ground-based observations'? = low cost
2. Comparison with theoretical study is available [e.g. Shoda et al. 2021] = physical understandings of ARs

» If total unsigned magnetic flux of any given stars/ARs are obtained by observations or numerical modeling,
we can easily reconstruct XUV+FUV spectrum = This study has good synergy with your AR modellings!
[i.e., if you want stellar XUV spectrum, all you need is just to model/observe magnetic flux]
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like stars.
- To be investigated: Flare & Abundance contributions I(2) =1o(4) + (D — Do)*
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- Conclusion

- Our scaling flux-flux methodology can be applied to
Sun-like stars with known unsigned magnetic fluxes
(by observations or modellings)

- Further studies

More various stars (e.g., M-dwarfs)
Flare contributions (more Sun-as-a-star data ?)

activity output

Extrapolated Flux [erg s~! cm—2 nm~! at 1 AU]




