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Abstract

The hadronic interaction of cosmic rays with solar atmosphere can produce high energy gamma-rays. The
gamma-ray luminosity is correlated both with the flux of primary cosmic rays and the intensity of the solar
magnetic field. The gamma-rays below 200 GeV have been observed by Fermi without any evident energy cutoff.
The bright gamma-ray flux above 100 GeV has been detected only during solar minimum. The only available data
in the TeV range come from the HAWC observations, however, outside the solar minimum. The ARGO-YBJ data
set has been used to search for sub-TeV /TeV gamma-rays from the Sun during the solar minimum from 2008 to
2010, the same time period covered by the Fermi data. A suitable model containing the Sun shadow, solar disk
emission, and inverse-Compton emission has been developed, and the chi-square minimization method was used
to quantitatively estimate the disk gamma-ray signal. The result shows that no significant gamma-ray signal is
detected and upper limits to the gamma-ray flux at 0.3—7 TeV are set at the 95% confidence level. In the low
energy range these limits are consistent with the extrapolation of the Fermi-LAT measurements taken during solar
minimum and are compatible with a softening of the gamma-ray spectrum below 1 TeV. They also provide an
experimental upper bound to any solar disk emission at TeV energies. Models of dark matter annihilation via
long-lived mediators predicting gamma-ray fluxes >10"’ GeVem s~ ' below 1TeV are ruled out by the
ARGO-YBJ limits.

Key words: astroparticle physics — cosmic rays — gamma rays: general — Sun: general

L. Introduction solar flare, which is likely associated with the interaction of

There are several mechanisms for high energy gamma-ray flare-accelerated particles in the solar atmosphere. Up to now,
emission from the solar region. The Sun can emit electro- dozens of solar flares have been detected by The Fermi Large
magnetic radiation extending from radio to gamma-rays during Area Telescope (LAT) with gamma-ray emission above
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100 MeV (Ackermann et al. 2014). The maximum energy
observed up to now is about 4 GeV (Ajello et al. 2014).
Another plausible mechanism is the self-annihilation of dark
matter, i.e., heavy Weak Interacting Massive Particles
(WIMPs), which may accumulate near the Sun when they lose
energy upon scattering and are gravitationally captured. The
Sun has recently been proposed as an intense source of high
energy gamma-rays from dark matter annihilation via long-
lived mediators (Arina et al. 2017; Leane et al. 2017). Fluxes
comparable to or greater than the Crab Nebula flux are
predicted in some of the proposed models. Apart from this
conjecture, the most important astrophysical mechanism for
steady solar gamma-ray production is the interaction of cosmic
rays with solar matter and photons, that has been definitely
detected by Fermi-LAT with maximum energy up to 200 GeV
(Abdo et al. 2011; Ng et al. 2016; Tang et al. 2018).

The gamma-ray emission from the solar disk due to CR
cascades in the solar atmosphere is denoted as a disk
component. This secondary gamma-ray produced by the
hadronic interaction of cosmic ray with the solar surface was
first proposed by Dolan & Fazio (1965). While only upper
limits were obtained by early measurements over the range
20keV-10MeV (Peterson et al. 1966). A detailed theoretical
model for gamma-rays from the collision of cosmic ray with
the solar atmosphere was presented by Seckel et al. (1991). The
predicted gamma-ray flux at energies from 10 MeV to 10 GeV
has a large uncertainty, being sensitive to the assumptions
about the cosmic-ray transport in the magnetic field near the
Sun. Gamma rays from the Sun were first detected by the
Energetic Gamma-ray Experiment Telescope (Orlando &
Strong 2008). The measured flux from 100 MeV to 2 GeV
was within the range of the theoretical predictions. The Fermi
collaboration (Abdo et al. 2011) reported the detection of high
energy gamma-rays at 0.1-10 GeV from the quiescent Sun
using the first 1.5 yr data. However, the measured solar disk
emission flux was about a factor of seven higher than that
predicted about this disk component by a “nominal” model
(Seckel et al. 1991). This mismatch motivated Ng et al. (2016)
to analyze 6 yr of public Fermi-LAT data. The obtained
gamma-ray spectrum follows a simple power-law shape
(o = —2.3) in 1-100 GeV without any evident high energy
cutoff. For the flux in 1-10 GeV, a significant time variation of
the solar disk gamma-ray flux that anticorrelates with solar
activity was discovered, suggesting that the solar magnetic field
would play an important role. An updated analysis with 9 yr of
Fermi-LAT data, from 2008 August 7 to 2017 July 27, was
performed, and Tang et al. (2018) confirmed these results and
extended the gamma-ray spectrum up to >200 GeV. Notably,
the bright gamma-ray flux above 100 GeV is dominant only
during solar minimum at the end of Cycle 23 (Linden et al.
2018). The HAWC measurements in periods of high solar
activity may support these findings (Albert et al. 2018a). Data
collected from 2014 November to 2017 December, the second
half of solar cycle 24, have been used to set strong upper limits
on the flux of 1-100 TeV gamma-rays from the solar disk,
about 10% of the maximum gamma-ray flux estimated by
Linden et al. (2018). The HAWC 95% upper limit at 1 TeV is
about 13% of the flux extrapolated from the solar minimum
Fermi-LAT gamma-ray spectrum.

Besides the disk component produced by the hadronic
interaction of cosmic rays with the solar atmosphere, the
interaction of cosmic-ray electrons and positrons with solar
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photons can also produce high energy gamma-rays via the
inverse-Compton (IC) scattering. The IC component and the
corresponding flux were predicted by Moskalenko et al. (2006)
and Orlando & Strong (2008). Lately, the IC component was
clearly observed by Fermi-LAT (Abdo et al. 2011) in
0.1-10 GeV and the measured flux is in good agreement with
the theoretical prediction. The IC component appears as an
extended halo centered on the Sun direction with extension
radius up to about 20°. Its spectrum follows a power-law shape
up to about 10 GeV.

According to Seckel et al. (1991), the disk flux is enhanced
by magnetic effects that gradually reduce above a critical
proton energy between 3 x 10> and 2 x 10%*GeV. Thus,
gamma-rays above the corresponding critical energy around
1 TeV should be unaffected by the solar magnetic field.
Recently, Zhou et al. (2017) estimated the solar disk gamma-
ray flux up to 1000 TeV without taking into account the effect
of the solar magnetic field. The predicted flux is at least one
order of magnitude lower than that measured by Fermi-LAT.
Hence, the observed gamma-ray flux should have been
significantly boosted by the solar magnetic field and the
spectrum would change around the critical energy. A
dependence on the phase of the solar cycle can also be
anticipated. The Ng et al. (2016) analysis of Fermi-LAT data
shows that the flux of low energy solar disk gamma-rays
anticorrelates with solar activity. However, solar activity could
affect even the flux of high energy gamma-rays. Indeed, in the
Tibet AS+ observations of the Sun shadow (Amenomori et al.
2013), the cosmic rays at 10 TeV are little affected during the
solar quiet phase, while they are largely blown away from the
Sun during the solar active phase. The ARGO-YBJ collabora-
tion reported on the rigidity dependent variation of the Sun
shadow in the rigidity range 0.4—200 TV using data collected in
the years 2008-2012 when the solar activity varied from the
minimum to the maximum (Chen & Nan 2017). The number of
deficit events and the shape of the Sun shadow turn out to be
strictly correlated with the solar activity. The characteristic
rigidity, corresponding to a deficit ratio (observed deficit/
expected deficit in the absence of magnetic field) of 50%,
ranges from 1 to 16 TV during this period. Likewise, the
critical energy should vary across 1 TeV during a solar cycle.
New observations above 100 GeV will provide important clues
for the gamma-ray production from the Sun, the magnetic field
intensity and the corresponding cosmic-ray modulation near the
Sun. The large gamma-ray fluxes predicted by some models of
dark matter annihilation outside the Sun could be efficiently
probed by observations in the sub-TeV /TeV range.

To extend solar gamma-ray observations into the VHE
range, i.e., >100GeV, large ground-based detectors are
needed. There are two main classes of ground-based gamma-
ray detectors: the Extensive Air Shower (EAS) arrays and the
Imaging Atmospheric Cerenkov Telescopes (IACTs). IACTs
have an excellent sensitivity for gamma-rays, while they cannot
work in day time making it impossible to observe gamma-rays
from the bright Sun. Therefore, the EAS array is the only
choice for the Sun observation. The ARGO-YBJ detector is an
EAS array with a large field of view (FOV) and can observe
gamma-rays at an energy threshold of ~300 GeV. Previously,
the ARGO-YBJ collaboration achieved some important results
in TeV gamma-ray observations, e.g., flaring activity of AGNs
(Bartoli et al. 2012, 2016), northern sky survey (Bartoli et al.
2013a), Cygnus Cocoon (Bartoli et al. 2014), and Galactic
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plane diffuse gamma-ray emission (Bartoli et al. 2015a). The
ARGO-YBI sensitivity for a gamma point source is about 24%
Crab flux; however, the large mismatch between the observed
flux at low energies and the theoretical predictions, and the
chance to probe new physics, motivate an observational search
for sub-TeV/TeV gamma-rays from the Sun direction. For this
purpose we have carried out this search using 3 yr of ARGO-
YBJ data collected from 2008 to 2010. Only the solar disk
component is concerned in this work.

The paper is structured as follows. The ARGO-YBJ
experiment and the selection of the data set used in the
analysis are presented in Section 2. The analysis procedure is
described in Section 3. The results concerning the ARGO-YBJ
sensitivity, the upper limits on the gamma-ray flux from the
solar disk and the systematic uncertainties are detailed in
Section 4. These results and their implications are discussed in
Section 5 and summarized in Section 6.

2. Experiment and Data Selection
2.1. The ARGO-YBJ Experiment

The ARGO-YBJ experiment, installed in the Cosmic Ray
Observatory of Yangbajing (Tibet, P.R.China) at an altitude of
4300 m above sea level, consists of a single layer of Resistive
Plate Chambers with a 74 x 78 m? carpet (93% coverage) in
the center surrounded by a partially instrumented ring (20%
coverage) extending the whole area to 100 x 110 m”. More
details about the detector can be found in Aielli et al. (2006).
The trigger rate is 3.5kHz with a dead time of 4% and an
average duty-cycle higher than 86%. It can detect air shower
induced by gamma-rays and cosmic rays from about 300 GeV
to PeV energies. ARGO-YBJ, with an FOV of 2 sr, can monitor
the whole overhead sky up to zenith angle >50° (D’Ettorre
Piazzoli et al. 2013). This property makes it possible to observe
gamma-rays from the Sun during most of the days in one year.

2.2. Energy Bin and Angular Resolution

The energy and direction reconstruction are based on Monte
Carlo simulation samples. A full Monte Carlo simulation
process is implemented using CORSIKA 6.502 (Heck et al.
1998) for EASs and GEANT4-based code G4argo (Guo et al.
2010) for detector response. The energy range of the simulated
showers is from 10 GeV to 1 PeV, all of these simulated events
are used for the energy reconstruction and to estimate the
angular resolution, to evaluate the exposure and obtain the flux.
The primary true energy (Ey..) of a shower is mainly related to
the number of secondary particles recorded by the detector, and
also to the incident zenith angle and core position, and this
work has been discussed in detail in Bartoli et al. (2018).
Figure 1 shows the relation between the reconstructed energy
(Erec) and the primary true energy (Ey..) for gamma-rays. In
Figure 1 the error bar on E,.. is the width of the energy bin
while the error bar on E. is the rms of the distribution. The
events with reconstructed energy from 0.32 to 10TeV are
divided into six energy bins with intervals of 0.25 in log space,
centered at 0.28TeV, 0.56TeV, 1.01TeV, 2.02TeV,
3.76 TeV, and 6.53 TeV. For each energy bin, the angular
resolution (o,s) of ARGO-YBIJ for cosmic rays and gamma-
rays are shown in Table 1. The quoted angular resolution is the
standard deviation of the two-dimensional Gaussian distribu-
tion, which fits the detector point-spread function (PSF).

Bartoli et al.
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Figure 1. Correlation between the reconstructed energy and the primary energy
for gamma-rays. The error bar on E,.. is the width of the energy bin while the
error bar on Ey is the rms of the distribution.

Table 1
The Median Energy of E,. for Gamma Rays and the Angular Resolution for
Cosmic Rays and Gamma Rays

log(Erec) (GeV) Eyye (TeV) Ores Ores
for cosmic rays for gamma-rays
2.50-2.75 0.28 2°52 1784
2.75-3.00 0.56 1277 1235
3.00-3.25 1.01 1°52 1230
3.25-3.50 2.02 1718 1200
3.50-3.75 3.76 0°83 0774
3.75-4.00 6.53 0°63 0°60

2.3. Sun Observation and Data Selection

The ARGO-YBJ data taken in its full configuration covers
the period 2007 November—2013 February. This period
encloses different epochs, the years 2008-2009 of very low
solar activity (the declining phase of Cycle 23), the year 2010
corresponding to the ascending phase of Cycle 24, and the
period 2011-2012 of increasing solar activity preceding the
northern polar field sign switch in 2012 November (Sun et al.
2015). This last period is characterized by complexity and
variability of the solar and interplanetary magnetic fields.
Fermi-LAT data show a strong dependence of the gamma-ray
flux on the solar activity, and a spectrum extending up to
200 GeV only during solar minimum. Zhu et al. (2015)
analyzed the whole ARGO-YBJ data sample, showing that in
this period of intense solar activity the Sun shadow of 5 TeV
cosmic rays, whose imprint features the excess map built from
data to search for gamma-rays from the solar disk, has an
erratic shape since the particle deflections are highly rando-
mized. The effect is stronger for sub-TeV cosmic rays.
Modeling this deficit is not a straightforward matter. Conse-
quently, only data collected in the 2008-2010 years have been
analyzed in the present work.

Since no specific selection is applied to data, the events from
the Sun direction are dominated by the cosmic-ray background.
Thus, the gamma-ray signal can be detected as an excess above
this background. However, the current case is not like the
search of high energy gamma-rays from point sources. Indeed
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Figure 2. Daily allowable Sun observation time for ARGO-YBJ during the period from 2008 January to 2010 December. The zenith angle of the Sun is less than 50°.

the Sun blocks galactic cosmic rays casting a shadow that
appears as a deficit region in the event sky map. The Sun
shadow has been widely detected by Tibet ASy (Amenomori
et al. 2013) and ARGO-YBIJ (Zhu & Ye 2011; Chen & Nan
2017) experiments. The shape and intensity of the shadow are
affected by all the magnetic fields between the Sun and the
Earth, that is the solar magnetic field, the interplanetary
magnetic field and the geomagnetic field. As a consequence,
the number of deficit events is correlated with the variable solar
magnetic field. These deficit events would counteract any
excess signal from the Sun direction. However, due to the
bending effect of the magnetic fields, the Sun shadow is
displaced with respect to the Sun position. The offset is rigidity
dependent, decreasing with increasing rigidity. Therefore, at
low rigidities, the center of the Sun shadow and the solar
gamma-ray signal are not completely overlapped in the sky
map. To exploit this misalignment, only shower with energy
less than 10 TeV have been used in the analysis.

To estimate the performance of the ARGO-YBJ detector for
the observation of air showers from the Sun direction, the Sun
is traced continuously over one full observation year, i.e., 365
transits. Figure 2 shows the ideal daily allowable Sun
observation time during the full ARGO-YBJ operation time
from 2008 January to 2010 December. The actual observation
time was 4393. 2 hr. To avoid the influence of other sources,
the periods when the Sun is close to the Moon and to the
known gamma-ray sources listed in Bartoli et al. (2013a) with
space angle less than 8° are excluded. With this selection, the
observation time on Sun is reduced to 3891.7 hr.

For the analysis presented in this paper, events are selected
according to the following cuts: (1) zenith angle 8 < 50°; (2)
the distance between the shower core position and the carpet
center less than 100 m; (3) the time spread of the shower front
in the conical fit defined in Equation (1) of Aielli et al. (2009)
less than 100 ns®. These cuts, only slightly different from the
ones used for studies in gamma-ray astronomy (Bartoli et al.
2013b and Bartoli et al. 2015a), optimize the observation of
gamma-rays from the Sun.

3. Analysis Methods
3.1. Significance Analysis

The 40° x 40° sky region in celestial coordinates (right
ascension R.A., declination decl.) centered on the Sun is
divided into a grid of 0°1 x 0?1 pixels and filled with the

detected events. The number of events in each pixel is denoted
by n. In order to obtain the excess of gamma-induced showers
in each bin, the “direct integral method” (Fleysher et al. 2004)
is adopted to estimate the number of background events in each
pixel (denoted by b). It is worth noting that the regions with a
radius of 8° centered on the Sun, Moon, and known gamma-ray
sources listed in Bartoli et al. (2013a) are excluded from the
background estimation. To cope with a faint tail of the Sun
shadow and Moon shadow observed at low energies, the
excluded region around the Sun and Moon has been shifted by
3° in the R.A. east-west direction. Both the event and the
background maps are smoothed according to the angular
resolution (Bartoli et al. 2013a). Then the background map has
been subtracted to the event map obtaining the source map.
The Li-Ma method (Li & Ma 1983) is used to estimate the
significance of excess or deficit in each pixel, providing the
significance map.

The significance maps for the six energy bins are shown in
Figure 3. The Sun shadow is well evident in each map, with an
intensity increasing with the energy. As expected, the shadow
profile is broadened and the shadow center more shifted as the
median energy decreases. No significant excess signal is
detected at the Sun position.

3.2. Source Model

As discussed in Section 2, the presence of the shadow may
offset the gamma-ray signal also at low energies where the
shadow does not completely overlap the solar disk. To extract
the signal from the Sun direction, a function was developed to
model the source map content

F@) = si+ + Si+sIC -5, ()

where 5,7 and s;1 ;¢ are the expected number of events in the i,
pixel from solar disk photons and IC photons, respectively, and
s; is the expected cosmic-ray deficit number in each pixel. The
solar disk emission is centered on the Sun and modeled as the
PSF for gamma-rays (Table 1). The observed Sun shadow is

approximately described by a two-dimensional Gaussian

distribution with
[ 2 2
0= O det + OSun » (2)

where o4 is the detector resolution for cosmic rays (Table 1)
and og,, measures the intrinsic angular spread of the shadow.
The model contains five free parameters, which are the total
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Figure 3. Significance maps for six energy bins. The coordinates are R.A. and decl. centered on the Sun position (R.A.sy,, Decl.sy,). The color scales are different for

each energy bin.

number of events from the solar disk, the position (R.A. and
decl.) of the peak of the deficit, the cosmic-ray deficit number
in the region of interest (ROI), and the parameter ogy,. The IC
component does not contain free parameters, we adopt the flux
calculated by Zhou et al. (2017) with the intensity falling
linearly with the angular distance from the center of the Sun
(Abdo et al. 2011). Also this component is spread out
according to the PSF for gamma-rays. Therefore, a small
correction is applied to take into account a tiny contribution to
the background from the IC halo. Thus, for each energy bin we
have minimized the chi-square function

_ 2
2= l% (5" + 57 —57) — (i — b)) , 3)
NI Oébi

where « is the on- to off-source time ratio and /n; + ab; is the
uncertainty of (n-b;)(Li & Ma 1983). The MINUIT/MINOS
package (James & Roos 1975) has been used to minimize the
chi-square function of Equation (3) with respect to all model
parameters.

Since the angular resolution for gamma-rays is energy
dependent and the peak position of the deficit is gradually
shifted with decreasing energy while the deficit distribution
spreads over a wider angular range, the ROI is inevitably
different for each energy bin. The adopted dimensions
guarantee the full containment of gamma-rays from the solar
disk, whose angular distribution is dictated by the detector
angular resolution, and contains the main portion of the Sun

i

shadow, taking into account the irregular shape of the shadow
and excluding part of the long tail observed at low energies. All
ROIs are inside the excluded region around the Sun not
involved in the background estimation. The dimensions of the
ROI for each energy are reported in Table 2.

4. Results

The observed event counts (n;-b;) projected on the R.A. axis
centered on the Sun are shown in Figure 4 for each energy bin.
The data are summed in the decl. bands reported in Table 2.
The contribution of each component of the source model is also
shown. A slight displacement in decl. of the deficit peak
(Table 2), anyway compatible with the statistical uncertainty,
can be attributed to the effect of the interplanetary magnetic
field (Amenomori et al. 2000). At low energies the Sun shadow
is weak and shifted with respect to the Sun position, allowing a
better sensitivity as compared to that reached at energies greater
than 1 TeV where the shadow largely overlaps the solar disk.

4.1. Upper Limit of Solar Gamma-Ray

Since no significant number of gamma-ray events is found
from the solar disk direction in each energy bin, only a 95%
upper limit to the gamma-ray flux can be set by varying chi-
square of 2.71 (James & Roos 1975). The upper limits at the
median energy of each energy bin are given in Table 2.

The 95% upper limit on the gamma-ray flux from the Sun at
0.28 TeV is about 37% of the Crab Nebula flux measured by
ARGO-YBJ (Bartoli et al. 2015b), and about 50% at 0.56 TeV
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Table 2
The ROI, the Position of the Sun Shadow Peak, the Upper Limits on the Flux and on the Energy Flux, and the Systematic Uncertainty Affecting the Upper Limits Are
Reported for Each Energy Bin

Ee ROI Deficit Peak Position FluxUpperLimit Xz/n.d.f szFluxUpperLimit Systematic Uncertainty
TeV  Decl(deg)  R.A(deg) Decl.(deg) R.A.(deg) (GeV 'em %) (GeV ecm %71

0.28 (6, 6) (-9, 6) 0.03 + 0.73 —~1.80 + 0.67 3.50e-13 0.972 2.75¢-8 44%

0.56 (=5, 7) (-7, 5) 0.56 + 0.41 —1.82 + 041 7.66e-14 0.997 2.40e-8 24%

1.01 (—6, 5) (-5, 5) —0.67 £0.15  —124+0.13 1.62¢-14 0.994 1.65¢-8 30%

2.02 (=5, 4) (=5, 4) —0.14 £0.07  —0.74 £ 0.15 1.47e-14 0.986 5.99¢-8 6%

3.76 (—4, 4) (—4, 4) —0.02 £0.04  —0.46 + 0.03 1.67e-15 1.031 2.36e-8 5%

6.53 (-3,3) (-3,2) 0.01 £0.02  —0.21 + 0.06 1.37e-15 1.016 5.86e-8 5%

Note. The equatorial coordinates R.A. and decl. are centered on the Sun position; the flux upper limits are at 95% C.L.

and 1.01 TeV. The limits found at higher energies are much
less constraining being strongly affected by the Sun shadow.
The last columns of Table 2 give the gamma-ray energy flux
upper limit for each energy bin and the related systematic
uncertainty. The energy flux upper limits are shown in
Figure 6. For comparison, the 1.5yr spectrum from Fermi
(Abdo et al. 2011) and the solar minimum flux obtained by
Tang et al. (2018) from Fermi data are also reported along with
their extrapolation to the TeV range by means of a simple
power-law function. The ARGO-YBJ upper limits at sub-TeV
energies are consistent with this extrapolation and close to the
theoretical estimate of the maximum gamma-ray flux produced
by the cosmic-ray interaction with the Sun (Tang et al. 2018;
Linden et al. 2018).

4.2. ARGO-YBJ Sensitivity

With no evident detection of gamma-rays from the solar
disk, we have estimated the background fluctuation and
computed the expected sensitivity from off-Sun regions. Here
the sensitivity refers to the average upper limit ARGO-YBJ
would obtain in an ensemble of similar experiments with data
collected from source-free regions (Feldman & Cousins 1998).
To accomplish this task, we have applied the analysis method
adopted by HAWC (Albert et al. 2018a); therefore, we have
considered 64 “fake” Sun disks, 1° apart, outside the excluded
region described in Section 3.1, at a maximum angular distance
of 21° from the true Sun position. To search for hypothetical
gamma-rays the radius of the search window is chosen as in
Bartoli et al. (2013a), taking into account the detector angular
resolution for gamma-rays shown in Table 1. In the case of
purely stochastic fluctuations the distribution of the signifi-
cance of the deviation between the observed counts and the
expected background should be normally distributed with
center at zero and unit standard deviation.

To obtain the significance, the Likelihood Ratio test has been
applied

TS = —2InLy /Ly, 4

where L is the likelihood for the null hypothesis (background
only) and L, is the likelihood of the alternative hypothesis
(background plus source signal). TS is expected to be
asymptotically distributed as “chi-square” (dof = 1) in the
null hypothesis, while JTS gives the significance in units of
Gaussian standard deviation (Mattox et al. 1996). The
distribution of the significance for all energy bins is shown in
Figure 5. The distribution is compatible with a normal

Gaussian function, with the excess from the off-Sun regions
consistent with zero.

The 95% upper limits on the energy flux have been
calculated and their average is displayed in Figure 6 (blue
squares) for each energy bin. The error bars are the standard
deviation of the distributions. We observe that the sensitivity
closely follows the CR upper bound spectrum. To check this
result we have injected the spectrum of the CR upper bound on
the background map. The significance of the excess found at
the Sun’s position ranges between 1.5 and 2.80, depending on
the energy. The 95% C.L. upper limits fall within the 2.5¢
range defined by the sensitivity, as shown in Table 3.

The results of this analysis prove that no anomalous
fluctuation affects the background and that the ARGO-YBJ
sensitivity is roughly at the level of the CR upper bound model.

The upper limits obtained from the data in low energy bins
(Table 2) are consistent with the sensitivity (Table 3), which
measures the ARGO-YBIJ detection power. Indeed, at low
energies the shadow is weak and smeared out, partially
overlapping the solar disk. At high energies the strong
cosmic-ray shadow coincident with the solar disk causes a
substantial loss of sensitivity.

4.3. Systematic Uncertainties

Systematic errors affecting the previous results are of
different origin. They are mainly associated to the ROI
definition, to the exposure and background estimates, and, at
a minor extent, to the assumed IC component. To ascertain the
systematics related to the ROI choice, we have modified by a
few degrees, in all directions, the limits of the ROI box. We
find that the results concerning the first three energy bins may
change, of 25% for the 0.28 TeV energy bin, of 12% for the
0.56 TeV energy bin, and 22% at 1.01 TeV. The irregular shape
of the Sun shadow, approximated by a two-dimensional
Gaussian, is the main source of this uncertainty. Indeed, errors
less than 5% affect the results at higher energies. Setting of the
selection cuts, air shower reconstruction, effective area
estimate, and background evaluation have been the subject of
continuous refinements during many years of ARGO-YBJ
operation. As a result, the systematic error on the exposure is
expected to be about 4%. The systematic error on the
background evaluation produces an error in the upper limits
of about 13%, 6%, and 3%, respectively, for the 0.28 TeV,
0.56 TeV, and 1.01 TeV energy bins (Bartoli et al. 2015b). The
IC component has been modeled following the calculations of
Zhou et al. (2017). Changing its normalization of 30%
produces a small effect of 2% to the flux upper limits for the
energy bins 0.28 TeV and 0.56 TeV. This is not surprising, as
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this component is subdominant at the energies here concerned.
The total systematic uncertainty, shown in the last column of
Table 2, has been determined by linearly adding the individual
contributions in order to get a conservative estimate.

5. Discussion

When searching for gamma-rays from the Sun using the
ARGO-YBJ data, the Sun shadow may represent a disturbing
offset. Indeed, the significant deficit of the Sun shadow would
cover up most of the gamma-ray excess. However, as shown in
Figure 3, the shadow is displaced from the Sun position due to
the magnetic deflection of the cosmic rays, while the gamma-
ray excess will be centered on the Sun. Since the displacement
is rigidity dependent, to avoid a complete overlap of the Sun
shadow with gamma-rays only events with energy less than
10 TeV have been processed. On the other hand, with the

displacement of the Sun shadow (Table 2) being comparable
with the detector angular resolution (Table 1), it is impossible
to avoid a partial overlap even at low energies. For this reason
the obtained flux upper limits, shown in Figure 6, are worse
than that expected according to the gamma-ray sensitivity of
ARGO-YBIJ (Bartoli et al. 2013a).

The detailed theoretical studies (Seckel et al. 1991; Zhou
et al. 2017) predict the solar disk gamma-ray flux due to the
cosmic-ray hadrons significantly lower than the flux measured
by Fermi-LAT up to 200 GeV (Abdo et al. 2011; Ng et al.
2016; Tang et al. 2018) during solar minimum. The current
explanation of this discrepancy invokes the interaction of
cosmic rays with the solar magnetic fields. While the cosmic-
ray spectrum around the Earth has been measured with
sufficient accuracy, the cosmic-ray flux near the Sun could be
affected by these fields. An enhancement of the gamma-ray
production from the solar disk is expected due to the mirroring
effect on charged cosmic rays in the GeV range (Seckel et al.
1991). As discussed in the Introduction, these effects should
vanish at high energy. Accordingly, the photon spectrum
should become softer at sub-TeV /TeV energies depending on
the solar cycle. Thus the extrapolation by a power-law function
of the Fermi results, shown in Figure 6, should provide a
reasonable upper bound to the gamma-ray spectrum if this
enhancement continues at TeV energies. The cosmic-ray bound
proposed by Linden et al. (2018), shown in the same figure,
represents an optimized and extreme application of the Seckel
et al. (1991) model. This bound crosses the Fermi data
extrapolation at about 600 GeV suggesting that a softening of
the gamma-ray spectrum should happen below 1TeV. The
ARGO-YBJ limits in this energy range, although affected by
large systematic errors, are not in conflict with this hint. Thus
the extension of the Fermi spectrum atTeV energies would
imply different physical mechanisms compared to the Seckel
et al. (1991) model. The measurement of the gamma-ray flux in
the TeV range during solar minimum appears to be of great
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Table 3
The Sensitivity at Each Energy Bin Compared to the 95% Upper Limit on the
CR Upper Bound Spectrum Injected on the Background Map (See the Text)

exceeding 107 GeV em 25!

by the ARGO-YBJ limits.

at sub-TeV energies is ruled out

6. Summary

Eirue Sensitivity Upper Limit:CR Upper Bound
(TeV) (GeV em %) (GeV cm s~

0.28 3.86e-8 + 2.09e-8 6.58e-8

0.56 1.87e-8 + 8.18¢-9 3.67e-8

1.01 1.06e-8 + 5.04e-9 2.31e-8

2.02 8.65¢-9 + 2.82e-9 1.50e-8

3.76 7.48e-9 + 2.80e-9 1.08e-8

6.53 5.75e-9 + 2.75e-9 8.48e-9

The gamma-ray emission from interactions of charged
cosmic rays in the solar atmosphere has been firmly detected
by the Fermi-LAT detector up to 200GeV during solar
minimum at the end of Cycle 23. The measured flux is
significantly higher and the spectrum shape flatter than

importance. The ARGO-YBJ upper limits above 1 TeV do not
allow one to set any constraint on the evolution of the solar disk
gamma-ray flux. The limits themselves, however, represent an
experimental bound to any emission model including photon
production by some unconventional process. For instance,
some models that predict copious solar gamma-ray production
by dark matter annihilation in the Sun via long-lived mediators
(Arina et al. 2017; Leane et al. 2017) are already excluded by
the ARGO-YBJ data. Indeed, if the mediators have a long
lifetime leading to a decay length greater than the solar radius,
an enhanced flux of photons is produced. A detailed study of
the portion of the model parameter space compatible with the
ARGO-YBJ bound is beyond the scope of this paper. This
study has been carried out in the TeV range by the HAWC
collaboration (Albert et al. 2018b) providing the strongest
existing constraints on the spin-dependent cross-section of TeV
dark matter with protons. We just point out that an energy flux

predicted. The origin of these discrepancies is currently
attributed to solar magnetic effects that are expected to end at
higher energies. Motivated by these findings, we have searched
for solar gamma-ray emission at higher energies using 3 yr data
recorded by the ARGO-YBJ experiment during the solar
minimum from 2008 January to 2010 December. Upper limits
have been set to the solar disk flux in the energy range
0.3- 7TeV The corresponding energy fluxes are (1.6-6.0) x
1073 GeVem 2 s~! consistent with the naive extrapolation
of the Fermi data. This result represents the first observational
study of the solar disk gamma-ray emission in the TeV range
during solar minimum. The ARGO-YBJ data do not provide
any clear answer to the question concerning the extension
of the solar magnetic effects at high energies, though
suggesting a softening of the gamma-ray spectrum before
1 TeV. Dark matter models predicting energy fluxes exceeding
1077GeVem ?s ! at sub-TeV energies are strongly con-
strained. The limited sensitivity of ARGO-YBJ is mainly due
to the presence of the Sun shadow whose displacement is
comparable to the detector angular resolution. This problem
should be at least partially solved by EAS arrays as HAWC
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(Abeysekara et al. 2013), currently running, and LHAASO in
construction, owing to their capability to reject a large fraction
of the hadron-induced air showers. The sensitivity predicted for
LHAASO (He 2018) is shown in Figure 6. HAWC is expected
to provide comparable sensitivity (Albert et al. 2018a).
Whether this sensitivity would be properly achieved, the
detection of solar gamma-rays could provide new insights
about the modulation of cosmic rays in the solar magnetic field
and their interaction with the solar atmosphere, and probe
models of dark matter annihilation in the Sun. It is worth noting
that if the cosmic-ray background cannot be completely
rejected, a residual Sun shadow of reduced depth will still
remain. In this case, the approach used in this work could
usefully be adopted.
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