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The high-energy emission from the quiet Sun
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Abstract. Galactic cosmic rays propagate in the heliosphere and interact with the solar
surface and its surroundings. This generates non-thermal steady emission from the quiet
Sun that may extend up to hundreds of GeV. The study of this emission provides a huge
potential for understanding cosmic rays, the Sun and its environment, the solar activity, and
the solar magnetic field. Here we review our recent results on the study of the quiet solar
emission and we introduce forthcoming advancements.
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1. Introduction

The Sun is a gamma-ray source also in its qui-
escent state. Its steady emission is daily de-
tected by the Fermi LAT telescope (Abdo et
al.. 2011; Barbiellin1 et al., 2014; Bartol1 et
al., 2019; [Linden et al.l 2018} 2020; [Ng et
al., 2016} Tang et al., 2018) and it was pre-
viously detected for the first time by |Orlando
& Strong| (2008) in the EGRET data, who re-
ported the detection of two components of the
emission with a different spatial and spectral
shape. These are the disk component produced
by CR hadrons interacting with the solar sur-
face (Seckel et al. {1991; [Thompson et al.
1997; Mazziotta et al., [2020b; L1 et al., [2020;
Becker et al., [2020; |Gutiérrez & Masip, |2020;
Hudson et al.l [2020; [Niblaeus et al.l |2019;
Zhou et al., 2017) and the spatially extended
Inverse-Compton (IC) component produced by
CR electrons and positrons on the solar pho-
tons (Orlando & Strong, [2006; Moskalenko et

al 2006; |Orlando & Strong) [2021). The lat-
ter, which extends in the entire heliosphere,
is brighter for directions close to the Sun, but
it has a broad distribution, effectively cover-
ing the whole sky. The flux of both gamma-
ray components is expected to change over the
solar cycle due to the modulation of the CRs
in the heliosphere, and it is expected to be
anti-correlated with the solar activity. The two
emission components have been more clearly
disentangled in the Fermi LAT data (Abdo
et al., |2011). However, present model are not
able to totally describe the observed emission
(Abdo et al., 2011) and some unexpected fea-
tures showed up in the data (e.g. Tang et al.,
2018)).

2. The quiet Sun at high energies

This sections discusses recent results from the
theoretical and observational point of view.
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2.1. Model advancements

Orlando & Strong| (2006) and Moskalenko et
al.| (2006) independently theorized the exis-
tence of an extended IC emission from scatter-
ing by CR electrons on solar photons. Because
the IC emission depends on the electron den-
sity and spectrum, and the electrons depend on
the solar activity and on the position in the he-
liopshere, in our very recent work (Orlando &
Strong, 2021)) we obtained updated IC models
that account for various formulation of the so-
lar modulation and activity. In particular, our
IC models incorporate the local interstellar all-
electron spectra that fit Pamela (Adriani et al.}
2009) and AMS-02 (Aguilar et al.|[2014) mea-
surements at 1 AU. In more detail, we defined
two baseline all-electron models: the first one
mainly based on the Pamela all-electron spec-
trum for the period of 2008, which we con-
sider the representative model for periods of
solar minimum; the second one mainly based
on the AMS-02 all-electron spectrum for the
period of 2013, which we consider the rep-
resentative model for periods of solar maxi-
mum. Both modeled spectra are fitted to AMS-
02 data above 40 GeV, where AMS-02 data are
more precise than Pamela and the solar modu-
lation is not important. Figure [I| shows the re-
sulting IC spectral intensity for various angular
distances from the Sun based on the AMS02
and Pamela all-electron spectra compared with
observations.

Our modeling provides the basis for an-
alyzing and interpreting high-energy data of
the Sun. Recently, we have started working on
modeling the CR propagation of electrons ac-
counting for diffusion processes in the helio-
sphere and solar magnetic field (Petrosian et
al.;|2022). IC models will be updated in agree-
ment (Orlando et al.,|[2022al).

2.1.1. Extensions at MeV and TeV
energies

Model predictions of the IC emission that
implement recent CR measurements show
(Orlando & Strong, [2021)) that this component
is important also at MeV energies, as illus-
trated in Figure |I} With the MeV proposed
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Fig. 1. Resulting IC spectral intensity for various
angular distances from the Sun based on the AMS02
and Pamela all-electron spectra. Solid lines are the
spectral intensity at 0.3° from the Sun, while dashed
lines at 1° from the Sun, dotted-dashed lines at 5°
from the Sun, and dotted lines at 20° from the Sun.
Blue lines represent the solar maximum condition
(all-electron model that fits AMS-02 data), while
the green lines represents the solar minimum condi-
tion (all-electron model that fits Pamela data). Black
points and grey region are data and systematic er-
rors of the total emission at intermediate latitudes by
Fermi-LAT (Abdo et al.| [2009), in agreement with
our recent work (Mizuno et al. 2022). The cyan
region shows the interstellar emission at intermedi-
ate latitudes as predicted in |Orlando| (2018). Figure
adapted from |Orlando & Strong| (2021).

telescopes’ sensitivity (e.g. Moiseev, [2019;
McEnery et al} [2019; |de Angelis et al., 2018)
the spectrum of the CR electrons as a function
of the position in the heliosphere can then be
tested against gamma-ray data at MeV ener-
gies where the solar modulation effect is maxi-
mum and the various models can be more eas-
ily differentiated. Hence, MeV data will allow
to access the low-energy part of the electron
spectrum in close proximity of the Sun and
in the inner helisphere, and it will also enable
studies of CR propagation in the inner helio-
sphere. As for the Fermi LAT (Johannesson
& Orlando, [2013), given the broad distribu-
tion of the IC emission on the sky, we showed
(Orlando & Strongl [2021)) that the solar contri-
bution to the diffuse MeV background should
be accounted for when analyzing gamma-ray
data. Investigating possible TeV emission from
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the quiet Sun has recently sparked interest, es-
pecially because of the HAWC (Albert et al.,
2018)) and ARGO (Bartoli et al.,[2019) experi-
ments that obtained upper limits to the emis-
sion from the solar disk, LHAASO (Bai et
al., |2019) and the forthcoming next generation
SWGO (Albert et al., [2019). Hence, in/Orlando
& Strong| (2021) we extended our calculations
of the IC emission to the TeV energy band.

2.2. Gamma-ray observations
Interesting features in the solar
emission

The first evidence of the gamma-ray emis-
sion from the quietscent Sun was found by
Orlando & Strong| (2008) analyzing the entire
archivial EGRET data. The spectrum and the
distribution of the IC component was found
to be in agreement with model predictions
(Moskalenko et al., 2006; (Orlando & Strong,
2006), while the flux of the disk component
was closer to the “naive” model of [Seckel et
al. (1991) and exceeding the “nominal” one.
The results of the analysis of observations of
the solar emission during the first 18 months of
the Fermi LAT mission were reported in /Abdo
et al. (2011). A recent analysis of 6 years of
Fermi-LAT observations (Ng et al, [2016) re-
ported variations of the flux of the disk (maybe
total) component that anti-correlated with the
solar activity. However, the IC component that
is more difficult to analyze was not the subject
of that study. Even more recent works (Tang
et al.l 2018} Linden et al., [2018) updated the
analysis for almost the entire 11-year cycle and
observed some unexpected features. Dedicated
works from our team are in progress (Fermi
LAT Collab., [2022). This work includes also
the IC component, which can not be neglected.
We are also working in localizing high-energy
photons from the solar disk (Arsioli et al.|
2022).

2.3. Detection of luminous stars in
gamma rays

Besides the Sun, no other disk or halo from
single stars has ever been detected in gamma

rays. However, by assuming a cosmic ray spec-
trum similar to that observed on Earth such as
in our recent works (Orlandol 2018 Mizuno et
al} [2022), we estimated the predicted gamma-
ray emission of the most luminous nearby
stars to be high enough to be detected by the
Fermi LAT after its first decade of operations
(Orlando & Strong| [2006} 2021). Hence, very
recently (de Menezes et al.| 2021) we used 12
years of Fermi-LAT observations along with
our IC models (Orlando & Strong, 2006|2021}
to study the most luminous nearby stars, both
individually and via stacking analysis. Our re-
sults (de Menezes et al., |2021)) showed no sig-
nificant gamma-ray emission, but allowed us to
obtain upper limits for an average local density
of electrons in the surroundings of our targets
to be less than twice of that observed for the
Solar system.

2.4. A new component of the quiet Sun

In an ongoing work (Orlando et al., |2022b)
we estimate a new component: the synchrotron
emission produced by Galactic cosmic rays on
the magnetic field of the Sun and of the helio-
sphere. To the best of our knowledge, this is the
first time that such an emission component has
been considered when exploring the quiet Sun.
The expected spatial distribution of this emis-
sion, which we found to be maximum in the
close vicinity of the Sun. This new emission
component provides a more complete descrip-
tion of the quiet Sun and opens a new window
for understanding not only cosmic rays in the
Heliosphere and close to the Sun, but also the
Sun itself, its environment, and the solar mag-
netic field.

3. Conclusions

The Sun is a source of high-energy emission in
its quietscient state. In this paper, we have re-
viewed our most recent results related to the
study of this emission, including model ad-
vancements. We have also presented prelimi-
nary results of our currently ongoing analyses.
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