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13Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin, USA

14Department of Physics, University of Maryland, College Park, Maryland, USA
15Instituto de Geofísica, Universidad Nacional Autónoma de México, Ciudad de Mexico, Mexico
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Steady gamma-ray emission up to at least 200 GeV has been detected from the solar disk in the Fermi-
LAT data, with the brightest, hardest emission occurring during solar minimum. The likely cause is
hadronic cosmic rays undergoing collisions in the Sun’s atmosphere after being redirected from ingoing to
outgoing in magnetic fields, though the exact mechanism is not understood. An important new test of the
gamma-ray production mechanism will follow from observations at higher energies. Only the High
Altitude Water Cherenkov (HAWC) Observatory has the required sensitivity to effectively probe the Sun in
the TeV range. Using 3 years of HAWC data from November 2014 to December 2017, just prior to the solar
minimum, we search for 1–100 TeV gamma rays from the solar disk. No evidence of a signal is observed,
and we set strong upper limits on the flux at a few 10−12 TeV−1 cm−2 s−1 at 1 TeV. Our limit, which is the
most constraining result on TeV gamma rays from the Sun, is ∼10% of the theoretical maximum flux
(based on a model where all incoming cosmic rays produce outgoing photons), which in turn is comparable
to the Fermi-LAT data near 100 GeV. The prospects for a first TeV detection of the Sun by HAWC are
especially high during the solar minimum, which began in early 2018.

DOI: 10.1103/PhysRevD.98.123011

I. INTRODUCTION

The Sun is an established source of MeV–GeV gamma
rays, containing both transient and steady components.
Solar flares, accelerating particles in explosive bursts,
produce gamma rays up to 4 GeV via bremsstrahlung and
pion decay. This gamma-ray emission has been observed
since the 1980s [1–6]. On the other hand, the observational
study of steady-state gamma-ray emission from the Sun—
occurring during both the quiescent and active phases—has
only become possible in the last decade with space-based
missions. The definitive evidence of GeV gamma rays from
the Sun, first hinted at in archival EGRET data [7], was
found in the initial 18months of the Fermi-LATdata [8]. The
gamma rays come in two distinct spatial components: a halo
extending up to 20° produced by inverse-Compton scatter-
ing of low-energy solar photons by cosmic-ray (CR)
electrons, and the solar-disk emission, expected to arise
from cosmic rays interacting with the solar atmosphere.
While the extended emission agrees well with models of
inverse-Compton gamma rays [9–13], there are no good
theoretical explanations for the GeV observations of the
disk emission.
Hadronic interactions between Galactic cosmic rays and

the solar atmosphere have long been theorized as the main
source of steady emission from the solar disk [14–16]. In
the model by Seckel et al., cosmic rays interact with the
Sun’s atmosphere, undergo reflection in magnetic flux
tubes, and produce particle cascades (including gamma
rays) on their way out [14]. The theoretical upper bound

on the flux from this process, which we denote as the CR
upper bound, is derived by assuming the maximal produc-
tion of gamma rays from interactions between the incoming
cosmic rays and the solar surface [17]. Surprisingly, the
observed flux above 1 GeV is higher than the nominal
predictions in Ref. [14] by almost a factor of 7.
The disk emission has been confirmed in follow-up

studies utilizing 6 years and 9 years of the Fermi-LAT data
with the highest-energy observations extending above
200 GeV [17–19]. In addition, the gamma-ray flux between
1 and 100 GeV has been observed to be anticorrelated with
solar activity, varying by a factor ≳3 between the solar
minimum and maximum (see Fig. 1, which is explained
below). An unexplained dip near 40 GeV in the spectrum
was also found, and resolved disk images show polar and
equatorial components whose strength varies through the
solar cycle [17,19]. Interestingly, the observed spectrum
during the last solar minimum (cycle 24) is much harder
(∼E−2.2) than that predicted in Ref. [14] (∼E−2.7) and
reached almost ∼10% of the CR upper bound [19]. This
flux, if continued into the TeV range, would represent a flux
as high as 10% of the Crab Nebula [20]; this strongly
motivates extending the measurements into the TeV range.
A further motivation comes from the search for new

physics in the TeV range. The Sun may capture and
accumulate dark matter at its core, which then annihilates
into Standard Model particles to produce observable
neutrinos [23–35], and in some dark matter models
[36–44], other observables including gamma rays.
Observing the Sun at the highest accessible energies would
not only help in fully understanding the hadronic emission
of gamma rays and the accompanying high-energy neu-
trinos [45–50], but also in searching for dark matter.
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Figure 1 summarizes the status of solar-disk gamma-ray
measurements above 1 GeV and their potential extension
into the TeV range. It shows the Fermi-LAT observation
during the solar minimum [19] and the 2014–2017 spec-
trum and upper limit that covers the same time period as
the High Altitude Water Cherenkov (HAWC) Observatory
data set in this work (see Sec. III A below).Also shown is the
1-year HAWC sensitivity: the energy flux required to obtain
a 5σ detection 50% of the time, for a point source at the Crab
declination [20]. This comparison highlights the potential
power of HAWC for observing gamma rays from the Sun,
especially during the solar minimum, which could help to
identify the expected rigidity cutoff when the gyroradius of
the primary cosmic rays reaches the extent of the Sun [18],
as well as to understand the modulation of the gamma-ray
flux [19,51]
Because the maximum gamma-ray energies accessible to

satellite experiments like Fermi-LAT are limited to a few
hundred GeV [52–54], the Sun can only be studied in TeV
gamma rays by ground-based observatories. Most TeV
gamma-ray experiments rely on the imaging air Cherenkov
technique and only take data at night [55–58]. The HAWC
Observatory, offering continuous daytime observations, is
one of the few running experiments capable of observing
the Sun at TeV energies. HAWC has been collecting data
from the Sun since beginning full operations in November

2014 and will continue to monitor the Sun throughout the
upcoming solar minimum. The long-term analysis will
allow us to study the time variation of the flux at TeV
energies.
In this paper, which serves as a prelude to the upcoming

solar minimum analysis, we describe our first 3 years of
observations of the solar disk conducted in a relatively
active portion of the solar cycle. Section II briefly intro-
duces HAWC and the procedure of data collection.
Section III describes the analysis and the computation of
upper limits on the gamma-ray flux. The sensitivity of the
measurement with simulations and a discussion of system-
atic uncertainties are presented in Sec. IV. Section V
discusses the results and concludes. The HAWC results
have important implications for dark matter searches from
the Sun. We explore that aspect of the study in detail in a
companion paper [59].

II. THE HAWC GAMMA-RAY OBSERVATORY

HAWC is a wide-field-of-view ground-based array of
300 detectors that uses the water Cherenkov technique to
survey the TeV sky in gamma rays and cosmic rays [20,60].
The observatory is located at an altitude of 4100 m above
sea level at Sierra Negra in Mexico and covers an area of
22; 000 m2. The individual detectors consist of four upward
facing photomultiplier tubes (PMTs) anchored to the
bottom of a cylindrical water tank 4.5 m high and 7.3 m
wide. Gamma rays and cosmic rays from astrophysical
sources produce extensive air showers of particles, which
cascade through the Earth’s atmosphere. The PMTs are
triggered by the Cherenkov light produced by the muons
and electrons in the air shower as they pass through the
water in the tanks. HAWC is triggered at a rate of 25 kHz
and has a duty cycle of > 95%.
To select candidate air-shower events for analysis, we

use a multiplicity condition of 28 PMTs (channels) within a
150 ns window. Further cuts ensure that at least 6% of the
operational channels are triggered, setting an initial angular
resolution of ∼1.2°, which is then improved using addi-
tional data-quality cuts [61]. The spatial and temporal
distribution of the charge measured by the PMTs over
the array are used to determine shower properties, including
the arrival direction of the primary particle and the position
of the core (the projection of the shower axis onto the array)
of each air-shower event. The topology of each shower is
also used to determine whether the primary particle is a
cosmic ray or a gamma ray. In contrast to hadronic showers,
the electromagnetic showers have a very compact distri-
bution of charge as a function of distance from the core
on the array. These differences are parametrized in the
gamma-hadron cuts described in Ref. [20]. For a complete
description of the hardware calibration and reconstruction
of the data, see Refs. [20,60].
HAWC can efficiently detect gamma rays and cosmic

rays with energies between ∼1 TeV and several hundred

FIG. 1. The solar atmospheric gamma-ray flux measured in the
GeV range [17,19] and its observational limits [21] and prospects
in the TeV range with HAWC [20]. We show the 1-year
sensitivity of HAWC for a E−2.63 source for scale, and we
compute the actual sensitivity to the Sun in this work. We focus
on the disk emission, for which Fermi-LAT data are approaching
the theoretical maximum. The inverse-Compton emission from
the halo is expected to be small in the TeV range [22].
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TeV. With high background rejection and an angular
resolution approaching 0.2° at the highest energies,
HAWC has been measuring very-high-energy gamma-ray
emission from point and extended sources since commenc-
ing full operations in 2014 [62]. At the same time, HAWC
has also analyzed TeV cosmic rays through studies of the
Moon and Sun shadows [63–65]. In the following section,
we review the analysis of the Sun in cosmic rays and extend
it further to search for TeV gamma rays.

III. OBSERVATION OF THE SOLAR DISK

A. Data selection

This work uses data collected at HAWC between
November 2014 and December 2017 corresponding to
3 years of observation in solar cycle 24. The solar activity
in this cycle peaked in April 2014. This implies that the
HAWC data samples a period of steadily decreasing solar
activity just prior to the imminent solar minimum. The total
live time of the data is 1017 days. To avoid signal
contamination from other sources, we exclude the days
when the Sun’s position is within 10° of the galactic plane
or other bright sources in the HAWC field of view, such as
the Crab Nebula. This cut reduces the data set to 829 days.
The data are divided into nine analysis bins based on the

fraction of the total PMTs hit by an air shower. The size of
the shower, which is quantified by the fraction of the
triggered array, is a measure of the energy of an event.
Higher-energy showers trigger a greater fraction of the total
available number of PMT channels. Table I lists the
maximum fractional number of PMTs hit and the estimated
median energy in each bin assuming an E−2.7 spectrum.
The distribution of energies within the bins are correlated
and have wide dispersions [20]. Below, we show that our
results have only a mild dependence on the assumed
spectrum within a bin (Sec. III C).
For comparison with GeV measurements, we also obtain

data from Fermi-LAT covering the same period as the

HAWC data set in this work. The Fermi-LAT 2014–2017
spectrum and upper limit (Fig. 1) is obtained with the same
procedure as in Ref. [19].

B. Analysis

1. Sky maps and background estimation

We search for gamma rays by projecting the air-shower
directions onto a sky map of equal area pixels. The
HEALPix library [66] is used to divide the sky into pixels
with an angular width of 0.1° in equatorial coordinates. The
coordinates of each pixel i are given in terms of the right
ascension and declination angles, α and δ, respectively.
The skymap consists of the counts of the arrival directions

of events binned in pixels. To look for gamma-ray sources,
small-scale anisotropies, or other interesting features, we
analyze the data in every pixel relative to an expected
background. The expected background, dominantly cosmic
rays, is computed using the technique of “direct integration,”
as discussed in Refs. [67,68]. The observed cosmic-ray flux
is known to vary slowly over both space and time. It is
temporally stable on week-long timescales and isotropic
over the full sky at the level of 10−3 [61,69]. We compute
the expected cosmic-ray background using an integration
time Δt of 2 hours, which effectively averages the arrival
distribution in right ascension at angular scales of roughly
30°. The estimated background count hNðαi; δiÞi is the
all-sky event rate Rðh − αÞ convolved with the normalized
local arrival distribution Aðh; δÞ for each Δt interval, which
is then summed over for the entire duration of the data set:

hNðαi; δiÞi ¼
X

Δt

Z
dhRΔtðh − αÞAΔtðh; δÞ; ð1Þ

where h is the hour angle. For any pixel i of the map, we can
define the relative counts ΔN i as the excess or deficit with
respect to the average background,

TABLE I. Fractional PMT hits and corresponding median energy for each analysis bin assuming an E−2.7 spectrum. The RoI radius is
the 68% containment width of the Sun shadow obtained by fitting a 2D Gaussian to the shape of the deficit at the position of the Sun. ϵCR
and ϵγ are the respective fractions of cosmic rays and gamma rays retained after applying gamma-hadron cuts for each bin. The uncertainty
on ϵCR is between 0.0001% and 0.001% for all bins. The gamma-hadron separation efficiency improves with energy (e.g., Bin 1 retains
15% of the hadrons, whereas Bin 9 retains only 0.2%), while the gamma-ray efficiency stays approximately constant. Also shown are the
total number of events before (CR map) and after (postcuts map) applying the gamma-hadron separation cuts on 3 years of data.

Bin Fractional hits Emedian [TeV] RoI radius [∘] ϵCR [%] ϵγ [%] CR events (×109) Postcuts events (×109)

1 0.067–0.105 0.88 1.50� 0.22 15 75 231 30.5
2 0.105–0.162 1.36 1.37� 0.19 10 80 103 9.8
3 0.162–0.247 2.24 1.10� 0.09 5 90 52.2 2.7
4 0.247–0.356 4.23 0.93� 0.06 1.50 70 25.2 0.34
5 0.356–0.485 6.56 0.85� 0.05 0.55 65 12.6 0.07
6 0.485–0.618 14.7 0.59� 0.03 0.2 53 6.16 0.013
7 0.618–0.740 17.2 0.74� 0.05 0.25 70 2.93 0.008
8 0.740–0.840 24.9 0.41� 0.03 0.14 72 1.42 0.002
9 0.840–1.000 60.1 0.36� 0.02 0.2 70 1.45 0.003
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ΔN i ¼ Nðαi; δiÞ − hNðαi; δiÞi; ð2Þ

whereNðαi; δiÞ is the observed number of events in the data
map. Note that in general, the observed number of events
includes both cosmic rays NCR and gamma rays Nγ. The
expected background distribution in terms of its gamma-ray
and cosmic-ray components is given by

hNðαi; δiÞi ¼ hNγðαi; δiÞi þ hNCRðαi; δiÞi: ð3Þ

The isotropic gamma-ray flux hNγðαi; δiÞi is negligible, so
the expected background is mostly the isotropic component
of cosmic rays, hNðαi; δiÞi ≃ hNCRðαi; δiÞi. The number of
gamma rays in pixel i is Ni

γ . Similarly, the cosmic-ray
component of the data is given by Ni

CR.
We convert the map into Sun-centered coordinates

(α0, δ0) by subtracting the equatorial coordinates of the
Sun from the equatorial coordinates of each event,

α0 ¼ α − αsun; δ0 ¼ δ − δsun: ð4Þ

In these coordinates the Sun is centered at (0, 0) with an
angular diameter of ∼0.5°. The analysis uses events only
within 3° of the Sun, to good approximation, preserving the
angular distances under the transformation. Any variations
in the angular distances are mimicked exactly in both
data and background, so the net distortion in the map is
negligible [70].
We define a region of interest (RoI), which is centered at

the solar disk (0, 0) and has a width equal to the 68%
containment of the Sun shadow (see below) in the respec-
tive bin. The total counts in the RoI are computed by
summing all pixels in the region. Thus, Eq. (2) summed
over all pixels i in the RoI can be written as

ΔN RoI ¼
X

i∈RoI
ðNi

γ þ Ni
CR − hNðα0i; δ0iÞiÞ: ð5Þ

2. The Sun shadow and the net gamma-ray excess

While we are interested in detecting an excess gamma-
ray signal from the Sun, the measurement is complicated
by the fact that the Sun blocks incoming cosmic rays,
producing a deficit in the observed signal at the position of
the solar disk. This feature is also known as the “Sun
shadow” (Fig. 2). Compared to the Moon shadow observed
by HAWC, the Sun shadow at low energies (∼1 TeV) is
less significant due to the effect of the solar magnetic fields
[64,65]. The Sun shadow is more pronounced at higher
energies, at which the cosmic rays are less deflected by
the coronal and interplanetary magnetic fields [71–73].
The evolution of the shadow size with energy is also an
illustration of the angular resolution of the detector to
cosmic rays, which has been modeled and verified in
Refs. [20,61,63]. The presence of the shadow can bias the
search for gamma rays in two ways:

(1) The deficit can result in an underestimation of the
overall cosmic-ray expected background.

(2) The deficit may conceal the gamma-ray excess
within the shadow.

The first problem is overcome by using RoI masking
when computing the expected background distribution [74].
In this way the process of direct integration does not use any
pixels within a 3° radius of the Sun and consequently the
deficit of cosmic rays does not lower the overall expected
background. The second problem poses a challenge for
extracting the net gamma-ray excess from the solar-disk
observations.We tackle this by analyzing the maps with and
without gamma-hadron separation as described below.
The cosmic-ray sky map includes all the data following

the standard quality cuts [63]. The Sun shadow can be
observed in the cosmic-ray data where the Sun blocks out
part of the incoming flux. We observe the Sun shadow at
different energies in the combined 3-year data. We calculate
the deviation from the expected background in each pixel
and assign it a significance based on the method in
Ref. [75]. The significance of the shadow increases from
7σ in Bin 1 (∼880 GeV) to 19σ in Bin 9 (∼60 TeV) and
peaks at 21σ in Bin 6 (∼15 TeV).
The postcuts sky maps are produced after applying

gamma-hadron cuts to the data, which remove a significant
fraction of cosmic rays [20]. Figure 2 shows the cosmic-ray
sky maps and the maps after gamma-hadron cuts, which are
all smoothed by a 1° top-hat function. The entire cosmic-
ray sky map at 1.36 TeV has 103 billion events, while the
postcuts sky map (with no discernible shadow) contains
9.8 billion events (see Table I), the bulk of which are still
hadronic cosmic rays. The suppression of cosmic rays by
the gamma-hadron cuts brings down the significance of the
deficit at the Sun’s position to 0.7σ in Bin 1, 0.12σ in Bin 6,
and 1σ in Bin 9. If there were a significant gamma-ray
signal from the Sun, we would expect it to show up in the
map as a bump with a roughly Gaussian profile centered at
the solar disk. The cosmic-ray and postcuts sky maps, along
with a knowledge of the efficiency of gamma-hadron
separation, can be used to obtain the number of gamma
rays above the expected background in the RoI.
For a given cosmic-ray map before the gamma-hadron

cuts applied, we simplify and rewrite Eq. (5) as

ΔN RoI ¼ Nγ þ ΔNCR; ð6Þ
where ΔNCR ¼ NCR − hNðα; δÞi. We write a similar
expression for a postcuts sky map with gamma-hadron
separation,

ΔN cuts ¼ ϵγNγ þ ϵCRΔNCR: ð7Þ

Here, the number of gamma rays and cosmic rays are
reduced by the efficiency factors ϵγ and ϵCR, respectively.
The efficiency factors are the fraction of photons and
cosmic rays retained after the gamma-hadron cuts, shown
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FIG. 2. Left: Observed Sun shadow, described by Eq. (6), at median energies of 1.36, 4.2, and 60 TeV. The 1σ width of the shadow
is 1.3°, 0.9°, and 0.3° at the respective energies. Center: Same maps with gamma-hadron cuts applied [Eq. (7)]. Right: The simulated
Sun maps for the maximum expected flux from cosmic-ray interactions in the solar atmosphere. The black cross marks the position
of the Sun.
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in Table I. The gamma-ray efficiencies for each bin are
obtained from simulation as described in Ref. [20]. The
cosmic-ray efficiencies ϵCR are calculated from off-RoI
pixels using the ratio of background counts before and
after the cuts. The efficiency of rejecting cosmic rays is a
function of the measured shower size, which correlates with
cosmic-ray energy [20]. The ratio of efficiencies ϵγ=ϵCR
therefore improves with increasing energy-proxy bin num-
ber as illustrated in the left panel of Fig. 3.
The relative counts ΔN RoI and ΔN cuts can be obtained

from the respective maps. We then solve Eqs. (6) and (7) for
Nγ to obtain an expression for the observed number of
excess gamma counts in each bin near the Sun,

Nγ ¼
ΔN cuts − ϵCRΔN RoI

ϵγ − ϵCR
: ð8Þ

The statistical uncertainty on Nγ is obtained by propa-
gating the Poisson errors on the observed data and back-
ground quantities described above. Roughly, because the
two terms in the numerator [Eq. (8)] are comparable when
setting a limit, the uncertainty is ∼

ffiffiffiffiffiffiffiffiffiffi
2hNip

(the full error
analysis in this work does not use the approximation). The
systematic uncertainty on Nγ due to gamma rays passing as
cosmic rays in ϵCR is constrained to 0.1% of the total
statistical uncertainty on Nγ [74], which is negligible.

3. Analysis results

Figure 3 (left panel) summarizes the results of the
analysis, showing the number of events before and after

applying gamma-hadron cuts for each bin. It also illustrates
the increasing hadron suppression efficiency as a function
of bin number, by comparing the counts in the CR map to
those after gamma-hadron separation.
We test the analysis method by recovering a simulated

signal from a point source at the Sun’s position. The
simulation needs to account for the varying declination,
and thus maximum zenith angle, of the Sun throughout
the year, as the sensitivity and energy threshold of HAWC
dependon the zenith angle of a given source in the sky. This is
because air showers coming from a large inclination with
respect to the zenith traverse a greater slant depth through the
atmosphere and are attenuated compared to vertical showers.
The sensitivity is maximal for sources overhead at HAWC’s
latitude and falls by a factor of 8 for a change in zenith angle
of 45° [62]. To minimize the effect of the varying elevation
of the Sun, we divide the data into groups with a similar
maximum solar zenith angle in a given time period. We
achieve this by grouping events monthly, e.g., placing events
from June 2015, 2016, and 2017 into one group. We have 12
groupsofdata in total, one for eachmonth.Anexpected signal
is extracted from a simulated source at the median position of
the Sun in each group, before combining the results.
The simulated Sun has the spectrum of the cosmic-ray

upper bound discussed in Sec. I, corresponding to a differ-
ential flux of 1.45 × 10−11 TeV−1 cm−2 s−1 at 1 TeV. We
also test cases with 10% and 1% of the CR upper bound.We
calculate the expected number of gamma-ray events from
the simulated Suns following the method described in the
previous section. Also shown in Fig. 3 (left panel), the

FIG. 3. Left: Total observed events from the RoI, before and after gamma-hadron separation for eight analysis bins from Table I (Bins
8 and 9 have been combined due to their low counts). The total number of off-source background events passing the gamma-hadron cuts
is shown as the dashed line, which closely matches the on-source data. The CR upper bound line shows the expected excess gamma rays
from the model. Right: Net gamma-ray excess relative to an estimate of the uncertainty (our full analysis does not approximate). The off-
Sun band shows the central 90% distribution obtained from the “fake” Suns. The observed excess from the solar disk is consistent with
zero. The expected excess from two simulated models is shown for comparison (the 0.1 × CR upper bound is offset along the x-axis for
clarity). We obtain upper limits roughly at the level of the 0.1 × CR upper bound model, shown below.
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combined expected signal can be compared to the number of
gamma-ray events obtained from the data.
To checkwhether the net calculated excess from the Sun is

significantly higher than the expected background, we also
search for gamma rays on 72 “fake” Suns. They encompass
background-only regions, half a degree apart, each at an
angular distance of d from the true position of the Sun. We
choose 5° ≤ d ≤ 40° to obtain 72 off-Sun samples on either
side of the Sun in α0, effectively sampling the Sun’s path at
different times. With the off-Sun samples, we can estimate
the expected fluctuations in the absence of signals.
Figure 3 (right panel) shows the excess points as a

fraction of the approximate uncertainty (square root of
expected background) for each bin for the total data set.
The full analysis does not use the aforementioned approxi-
mation. We observe that, despite fluctuations in individual
bins, the total net excess is consistent with zero and is
within the fluctuations seen from the off-Sun regions.
Figure 4 shows the observed data, the expected background
and the expected maximum signal for the first four bins.
Given that no clear excess is seen, we proceed to convert

the observed gamma-ray counts to upper limits on the
differential flux in combined energy bins following the
method in Ref. [74].

C. Upper limits in differential energy bins

We compute differential upper limits in half-decade bins
in logðEÞ, where the width of each interval is comparable to
the energy resolution of the detector. We choose an energy
scale binned in intervals of 0.5 in log space, centered at
0.88, 2.78, 8.81, 27.1, and 88.1 TeV (see Table II). The flux
injection in one bin largely remains there after considering
detection effects [20]. The observed data from the energy
proxy bins are combined and rebinned into energy intervals
following the weighting scheme discussed in Ref. [74]. We
then compare the observed counts from the solar disk with
the expected counts from a Sun-like source of a known
spectrum convolved with the HAWC detector response
using the likelihood framework described in Ref. [76]. The
procedure defines a source model in a narrow energy range
for each bin and calculates the expected counts after taking

FIG. 4. The data and background counts, after gamma-hadron separation, projected on the right ascension axis centered on the
Sun at α0 ¼ 0, for the examples of Bins 1–4. The total counts at every α0 are summed in the declination range spanning the
RoI: −RRoI ≤ δ0 ≤ RRoI (see Table I). For each bin (as labeled), the expected number of events from the CR upper bound model is also
shown. The errors on the model and the data are given in each case by the square root of the number of events.
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into account the point spread function and detector
response at the location of the source. The point spread
function of the detector is approximated by a double
Gaussian [20] and the expected number of counts is used
from a uniform disk of radius 0.25°. The observed number
of counts Nγ from a source in a particular energy bin is
proportional to the differential flux Fγ at the bin energy,

Fγ

F0

¼ Nγ

Nγ0
: ð9Þ

Here F0 andNγ0, respectively, denote the expected flux and
counts from the nominal source model. For the expected
flux F0 in a differential energy bin, we assume a simple
power law with a spectral index of 2.7, following the
cosmic-ray upper bound. This assumption does not appre-
ciably affect the final result as the data are compared to a
constant value of expected flux in each bin. We tested the
effect of varying the assumed spectral index to 2.1 and 2.3
and notice no significant difference in the reported upper
limits in each energy bin. We compute the expected counts
Nγ0 from simulated Suns located at the median position in
each month. The monthly counts are then summed to get
the total expected counts for the duration of the data. The
expected and observed counts, Nγ0 and Nγ , are used to
calculate a likelihood function L⊙ for the source model
and LBkg for the null hypothesis (background only). The
likelihood ratio defines the test statistic (TS),

TS ¼ 2 ln
L⊙

LBkg
: ð10Þ

Finally, a likelihood fit to the source model defined above
gives the observed differential flux Fγ; its uncertainty—
corresponding to a change in the TS of 2.71—is used to
construct the 95% upper limits. Table II summarizes the
resulting 95% C.L. limits.

IV. HAWC SENSITIVITY

A. Sensitivity from off-Sun regions

To check our limits, we compute the expected sensitivity.
The sensitivity refers to the median upper limit that would

be obtained from analyzing an ensemble of background-
only data sets in the absence of an excess signal [77].
Utilizing the off-source “fake Sun” regions (Sec. III B 3), we
obtain a band of upper limits that we can compare with the
limits obtained from the actual Sun position. The HAWC
sensitivity is the central 90% band of upper limits obtained
from analyzing the fake Sun regions. If the observed flux
from a fake Sun region is negative due to an underfluctuation
or shadow contamination (on-Sun RoI only), the maximum
likelihood is scaled to match the pure background hypoth-
esis. This ensures that the computed limits are physical. We
notice no systematic discrepancy between the off-source
band and the on-source limits, further ensuring that our
results are consistent with a nondetection. The width of the
sensitivity band is also an illustration of the Poisson
fluctuations in the expected background, as well as the
systematic errors in the analysis, which are discussed in
detail under systematic uncertainties in Sec. IV C.
As an additional cross-check, we also performed a

maximum likelihood analysis in which several uniform
disks of 0.25° radius along the Sun’s trajectory in celestial
coordinates were fit to an extended source model with a
simple power law spectrum. The spectral index was fixed to
2.11, 2.3, or 2.7 and the normalization at 1 TeV was the free
parameter of the likelihood fit. We again found the results
consistent with the null hypothesis.

B. Validation and data challenge

Section III B describes the simulated signal from the CR
upper bound as the fiducial flux for comparing HAWC
results to a model. In contrast, the data challenge described
in this section uses various extrapolations of the Fermi-LAT
measurement. It serves as a way of validating our computed
limits and testing the sensitivity to the projected solar
minimum flux for a future analysis. We inject a source
of a known spectrum at the position of the Sun into the
HAWC data. We then perform the full analysis, accounting
for the HAWC point spread function and reproducing the
gamma-ray maps. We test three different hard spectra for
the simulated source:
(1) ð1.3×10−11 TeV−1 cm−2 s−1ÞðE=TeVÞ−2.1. This cor-

responds to the extrapolated spectrum at 1 TeV from
the spectrum measured by Fermi-LAT during the
solar minimum.

(2) 10% of the injected flux in case 1.
(3) 1% of the injected flux in case 1.
We observe that the Sun is visible as a bright source at

over 5σ in all bins for case 1. For case 2, the decreased flux
is not detectable in the low-energy bins but can be observed
at > 4σ in Bin 6 and above. For case 3, when the injected
flux falls to 1% of the maximum, there is no gamma-ray
signal in any bin.
We also test the effect of assuming a different

spectral index for the simulated Sun with the same
normalization. Figure 5 shows simulated Suns with three

TABLE II. The energy range and the corresponding 95% C.L.
upper limits of solar gamma-ray flux obtained from 2014–2017
HAWC data in this work.

Energy [TeV] E2 dN=dE [TeV cm−2 s−1]

0.5–1.6 2.2 × 10−12

1.6–5.0 8.8 × 10−13

5.0–15.7 2.8 × 10−13

15.7–50.0 8.1 × 10−14

> 50.0 6.3 × 10−14
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different spectra: E−2.1, E−2.3, and E−2.7 extrapolations of
the Fermi-LAT data pivoted at 100 GeV during the
solar minimum. The normalization at the pivot energy is
1.7 × 10−9 TeV−1 cm−2 s−1. The significance of the obser-
vation decreases as the spectrum becomes softer from 2.11
to 2.3. A source with an E−2.6 or softer spectrum normal-
ized to 1.7 × 10−9 TeV−1 cm−2 s−1 at 100 GeV is not obser-
vable with HAWC. The same simulation with a scaled
down normalization to match the 2014–2017 Fermi-LAT
data yields no significant detection for a spectral index of 2.4.
These results are consistent with our upper limit

calculations. The HAWC 95% upper limit at 1 TeV is
2.8 × 10−12 TeV−1 cm−2 s−1, which is about 10% of the
upper bound on the flux from cosmic-ray interactions. The
tests with simulated sources show that HAWC would
be able to detect an excess at high significance even if it
is as low as ∼10−12 TeV−1 cm−2 s−1 above 1 TeV. The
results also constrain a naive 2.1–2.3 extrapolation of the
Fermi-LAT spectrum observed during 2014–2017.

C. Systematic uncertainties

The ability to find a relative excess above the back-
ground is limited by the statistical uncertainties discussed
above. Converting the measured excess to limits on the flux
involves a number of overall systematic effects that are
presented below.

1. Source declination and analysis tools

This analysis is subject to the uncertainties of using
techniques that are not fully tuned to the rapidly changing
position of the Sun in the sky. In this work, we use the
average values of the Sun’s declination angle in the detector
simulations and the computation of the flux, potentially
smearing the signal flux by a factor of 2. Moreover, the
binning of events by the fractional PMTs hit during an air

shower is only a crude approximation of energy, which
itself is correlated with a source’s declination angle and is
subject to large fluctuations (see Refs. [20,78]). The median
energy of events in an analysis bin is a function of the
source declination; the changing declination also contrib-
utes to the broadening of the energy resolution histogram.
A 10% change in the energy scale can affect the measured
flux by 12% in a differential energy bin.

2. Gamma-hadron separation and the Sun shadow

Another limitation of this analysis comes from an
incomplete understanding of the shadow on short time-
scales. In low-energy bins, the shadow is weak because the
cosmic-ray flux is smeared out by the Sun’s magnetic field
[79]. A potential gamma-ray excess would be easier to
detect over a weak shadow. However, the gamma-hadron
separation efficiency is also the lowest in these bins, which
limits the sensitivity. At higher energies, the gamma-hadron
cuts are more efficient, but the increased strength of the
cosmic-ray shadow makes the overall measurement more
challenging. The gamma-hadron cuts also carry the effect
of averaging the Sun’s declination. The gamma-ray effi-
ciencies ϵγ are obtained from simulations optimized by
studying fixed sources in the sky [20]. These issues can be
addressed in a future analysis with an accurate modeling of
the shadow with solar magnetic fields. The shadow and the
energy- and zenith-dependent limitations described above,
combined with the nominal values used for the gamma-
hadron cuts, make this a very conservative analysis. We
will revisit these aspects with more data during the solar
minimum.

3. Detector performance

All measurements are subject to the uncertainties inher-
ent in the charge resolution and the quantum efficiency of

FIG. 5. Simulated postcuts maps with injected Sun-like sources in Bin 4. The injected spectra are E−2.1 (left) extrapolation of the
Fermi-LAT measurements (see text), E−2.3 (center), and E−2.7 (right). The Sun can be detected at > 20σ for E−2.1, and with lower
significance (5.5σ) at E−2.3, but not for E−2.7.
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the PMTs. These detector effects have been studied in
detail and their impact on the measured photon flux and
the energy resolution has been quantified [20]. The
pointing accuracy, angular resolution, and energy scale
of the instrument have also been studied in observations of
the Crab Nebula [20] in gamma rays, and the Moon
shadow in cosmic rays [61,63]. The overall effect of these
uncertainties on the photon flux is �50% and is contained
within the sensitivity band and width of each energy bin
in Δlog10ðE=TeVÞ.

V. RESULTS AND DISCUSSION

A. HAWC 95% limits

Figure 6 summarizes the HAWC results in the context
of past measurements and models of gamma-ray produc-
tion from cosmic rays near the Sun. With a sensitivity less
than 10% of the Crab flux, the HAWC upper limits are
already below the maximum expectation from cosmic-ray
interactions and constrain fluxes to ≲10% of the upper
bound. The limits are also above the theoretical minimum
flux from the solar limb as calculated in Ref. [22]
(see also Ref. [80] for corroboration by an independent
simulation).
The current results are based on data collected by

HAWC outside the solar minimum and the limits set here
strongly constrain possible extensions of the spectrum
measured with the Fermi Gamma-Ray Space Telescope.

During the 3-year time period considered here, the
spectrum measured with Fermi-LAT appears to be falling
above 65 GeV. If that trend continued, the HAWC upper
limits on the flux would not yet be sensitive enough to
constrain the spectrum. However, the HAWC data do limit
the appearance of any new, highest-energy component of
the spectrum, such as if the drop near 80 GeV in the
Fermi-LAT data were the beginning of a dip and rise like
that seen near 40 GeV.
Moreover, since the HAWC measurements were per-

formed prior to the upcoming solar minimum, a null result
also limits the cosmic-ray-induced foreground for dark
matter searches from the Sun. Gamma rays from cosmic-
ray interactions in the Sun constitute the main foreground
for solar dark matter searches. The low gamma-ray flux in
the current period of observation leads to better constraints
on dark matter than when the foreground flux is high during
the solar minimum, as the dark matter flux should not
change with the solar cycle. In a companion paper, we
study the implications for dark matter searches from the
Sun [59].

B. Implications and future work

We have presented HAWC’s ability to perform a chal-
lenging measurement in close vicinity of the Sun. We rule
out TeV gamma rays from the Sun up to a flux of a few
10−12 TeV−1 cm−2 s−1 at 1 TeV at the 95% C.L. in periods

FIG. 6. HAWC 95% upper limits from 3 years of data and the expected sensitivity obtained in this work. The Fermi-LAT observation
during the solar minimum [17,19] and during the same time period as this work (2014–2017) are shown in blue squares and red circles,
respectively. The dashed lines show the theoretical maximum and minimum fluxes produced by hadronic interactions [19,22].
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of high solar activity. These are the strongest constraints
on TeV gamma rays from the Sun to date. The results
demonstrate that HAWC can probe a physically relevant
parameter space that was not experimentally accessible
until now. The HAWC sensitivity could be improved by
additional exposure, improved analysis techniques, and
ongoing detector upgrades [81]. The sensitivity laid out in
this paper is crucial for an analysis in the next solar
minimum, which began in early 2018.
The prospects for a detection are significantly enhanced

in the minimum of cycle 25. First, according to the Fermi-
LAT data from the last solar minimum, the flux is expected
to be much higher and the spectrummuch harder, extending
beyond 400 GeV before the exposure of Fermi-LAT
becomes insufficient [17]. Second, because the flux is
expected to be much brighter during a short period of
1–2 years, this gives a better signal-to-noise ratio. We
expect to report new results within 2 years. Whether
HAWC makes a measurement or sets an upper limit, this
will powerfully constrain the mechanisms behind the solar-
disk gamma-ray emission. At high enough energy, a cutoff
in the gamma-ray spectrum is expected as solar magnetic
fields will not be able to reflect the incoming cosmic rays.
Observation of such a cutoff will thus help identify the
magnetic environment responsible for cosmic-ray mirror-
ing, which is essential for understanding the underlying
gamma-ray emission mechanism.
If the gamma-ray spectrum measured in the last solar

minimum continues into the TeV range without a cutoff
during the minimum of cycle 25, HAWC will be able to
detect it with high significance. Long-term monitoring
from HAWC on the Sun shadow will also allow us to
understand the effect of solar magnetic fields on TeV
cosmic rays [71–73]. Finally, hadronic cosmic rays inter-
acting in the solar atmosphere will also produce solar
atmospheric neutrinos [48–50], which are being searched
for in IceCube [82]. Gamma-ray constraints and observa-
tions from HAWC are crucial for understanding how

cosmic rays interact with the solar atmosphere; they are
also important for interpretations of solar atmospheric
neutrino searches in neutrino telescopes [83,84] and dark
matter searches from the Sun [25–30,42–44].
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