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We report the first detection of a TeV gamma-ray flux from the solar disk (6.3�), based on
6.1 years of data from the High Altitude Water Cherenkov (HAWC) observatory. The 0.5–2.6
TeV spectrum is well fit by a power law, dN/dE = A(E/1 TeV)�� , with A = (1.6 ± 0.3) ⇥ 10�12

TeV�1 cm�2 s�1 and � = �3.62 ± 0.14. The flux shows a strong indication of anticorrelation
with solar activity. These results extend the bright, hard GeV emission from the disk observed
with Fermi-LAT, seemingly due to hadronic Galactic cosmic rays showering on nuclei in the solar
atmosphere. However, current theoretical models are unable to explain the details of how solar
magnetic fields shape these interactions. HAWC’s TeV detection thus deepens the mysteries of the
solar-disk emission.

The Sun is one of the most widely studied sources in
multi-messenger astrophysics. It can be probed in de-
tail through direct observations across the electromag-
netic spectrum, in MeV-scale neutrinos, and in acceler-
ated particles, as well as indirectly through helioseismol-
ogy, its cosmic-ray shadow, and magnetic field measure-
ments [1, 2].

However, the Sun’s emission at high energies remains
mysterious. For example, the solar disk is a bright, con-
tinuous source of gamma rays, with Fermi-LAT observa-
tions [3–7] (building on earlier hints from EGRET [8])
showing gamma-ray emission between 0.1–200 GeV and
revealing several puzzling features. The primary emis-
sion mechanism seems to be the decay of ⇡0 produced
by the scattering of hadronic Galactic cosmic rays with
nuclei in the solar atmosphere over the full disk, with the
requirement that the cosmic rays must first be converted
from incoming to outgoing by magnetic fields [9]. With-
out this magnetic redirection, cosmic rays would only be
grazing the surface of the Sun, encountering limited col-
umn density and the disk emission would be much fainter
[10]. Even so, compared to theoretical expectations [9–
14], the observed flux of gamma rays from the solar disk is
brighter and the spectrum is harder (with an unexplained
dip near 40 GeV) [3, 4, 6]. Additionally, the flux is anti-
correlated with solar activity and the emission across the
disk is nonuniform [5, 7].

Decisive new probes are needed to solve these puzzles,
and observations at high energies are especially impor-
tant, for multiple reasons. Unlike the cosmic-ray spec-
trum, which falls as ⇠ E�2.7, the solar-minimum gamma-
ray spectrum (except for the dip) falls as ⇠ E�2.2 up to at
least 200 GeV. This trend must eventually reach a break
energy, where cosmic rays are no longer sufficiently de-
flected in the Sun’s magnetic field, and will be an impor-
tant clue to the details of their propagation. Separately,
the highest-energy gamma rays are likely produced at the
greatest depths under the photosphere (⇠ 1000 km), thus
providing sensitivity to otherwise-hidden magnetic fields.
Last, understanding the solar emission will be important
for tests of new physics, including dark matter [15–19].

In this Letter, we use observations with the High Al-
titude Water Cherenkov (HAWC) observatory to probe
the solar disk in the TeV range. We substantially im-
prove upon the earlier HAWC search that set an up-
per limit on the gamma-ray flux [20] (ARGO-YBJ also

set a limit [21]). As described below, here we use a
larger dataset, better reconstruction algorithms, and new
signal-isolation techniques. In the following, we describe
the HAWC data, our analysis methods, tests of the time
variation and spectrum slope, and then conclude. Fur-
ther details are given in Supplemental Material (S.M.).

HAWC Data.— The HAWC observatory, located
at an altitude of 4100 m near Puebla, Mexico, is de-
signed to detect multi-TeV cosmic rays and gamma
rays through atmospheric-shower secondary particles
that reach the ground [22, 23]. These secondaries are
detected in an array of 300 detector units that em-
ploy the water-Cherenkov technique and operate near-
continuously. The vast majority of detected showers are
induced by hadronic cosmic rays, which cause a near-
isotropic and near-constant background. In searches for
gamma-ray-induced showers, the cosmic-ray background
can be greatly reduced (to a fraction 10�1 to 10�4, de-
pending on the energy of the primary particle) and any
gamma-ray signals nearly perfectly preserved, by cuts
based on shower topology (gamma-ray showers are com-
pact, while hadronic showers have a broader and clumpier
footprint) [22]. The angular resolution of HAWC depends
on energy and zenith angle, ranging from ⇠ 1� at 1 TeV
to 0.2� above 10 TeV (see S.M.). HAWC’s gamma-ray
observations, which cover the entire sky at zenith angles
0–45�, offer excellent sensitivity to both source and dif-
fuse emission, as has been exploited in a variety of studies
(see, e.g., Refs. [23–29]).

HAWC is among the few detectors capable of observing
the Sun in the TeV range [20]. Its large field of view and
high livetime fraction allow continuous exposure as the
Sun is tracked across the sky. Compared to the earlier
HAWC analysis, here we make significant improvements.
First, we use a larger and more varied exposure, spanning
November 2014 to January 2021 (6.1 years). The first
half of the data corresponds to an active but declining
part of solar cycle 24, while the second half corresponds
to the minimum of solar cycle 25; this long baseline thus
allows for tests of time variability. Second, we use an im-
proved offline reconstruction sample (Pass 5, compared
to Pass 4 in previous work [20]) with new calibrations
and better algorithms. The new data have superior an-
gular resolution and background rejection, particularly
at low energies, improving the sensitivity by a factor of
⇠2–5, depending on the source spectrum (see Fig. 1 in
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S.M.). Third, we use a new, data-driven approach to
separate the gamma-ray signal from backgrounds, taking
into account the suppression of cosmic-ray fluxes from
directions near the Sun (the shadow effect).

Main Analysis.— To search for TeV-range gamma-
ray emission from the solar disk, we develop a simple but
powerful analysis technique that measures the signal and
background independently.

To begin, we select only well-reconstructed events with
shower cores within the fiducial area of HAWC [29]. We
cut Milky Way sources and diffuse gamma-ray emission
by excluding times when the Sun is within ±10� of the
Galactic plane. Extragalactic gamma-ray emission is mi-
nor and is smeared into the background as we track the
Sun across the sky. The fluxes of isotropic electron cos-
mic rays and the directional gamma rays they produce
by inverse-Compton scattering of solar photons are both
negligible in the TeV range [10, 30, 31].

We bin the data into 11 analysis bins based on the
fraction of the detector array triggered. Higher-energy
events trigger a larger fraction of the array, corresponding
to higher-numbered bins; however, the energy resolution
(' 50%–100%) is large enough that the bins are partially
correlated. We use Bx to denote analysis bin x. Table I
in S.M. gives the details of these bins.

Following the steps detailed below, we estimate the ex-
cess of gamma-ray events at the moving solar position.
We obtain the spatial distribution of the data using the
background-estimation and skymap-making procedures
of Refs. [20, 32]. We record the data and background
counts in equal-area pixels with a mean spacing of 0.11�
on a HEALpix grid [33]. Prior to any gamma-hadron
separation cuts, the data are dominated by hadronic cos-
mic rays. In general, a gamma-ray source appears as an
excess of events in a particular direction after gamma-
hadron separation cuts. Near the Sun, the analysis is
complicated by an anisotropy in the background called
the “Sun shadow,” where some Galactic cosmic-ray tra-
jectories are blocked by the Sun. The shadow is not
perfectly round, and it has a slightly displaced position;
these effects are due to deflections of cosmic rays in the
Sun’s coronal fields and in the interplanetary magnetic
field [34, 35]. Our new analysis — validated on simula-
tions and on observations of the Moon shadow — takes
the Sun shadow into account, which was a limiting sys-
tematic of our previous work [20].

To isolate any disk signal we must accurately subtract
the expected shadow effect, which takes three steps, as
we illustrate for the example of B3. At each step, for
every pixel i in the map, we record the number of events
Ni and report the fractional deviation relative to the
background, hNii, calculating the significance following
Ref. [36]. The fractional deviation is given by Ni/ hNii�1
and shows the amplitude of the deficit (or excess) in the
pixel i.

1. Figure 1 (top row) shows the map for the cosmic-
ray dominated data (before gamma-hadron cuts).
This step measures the shadow’s spatial profile and
amplitude with high statistics. Before the gamma-
hadron cuts, there are 4.0⇥104 fewer events within
in a 1.1� region of interest around the Sun (com-
parable to the 1-� width of the shadow) than the
5.5 ⇥ 106 expected from the isotropic background.
Figure 1 (top row) also shows the angular profile
centered on the Sun (not its shadow).

2. Figure 1 (middle row) shows the same results after
gamma-hadron cuts. If there were no shadow, this
step would yield our results for the disk emission.
However, the shadow persists because the data is
still cosmic-ray dominated, though the shadow sig-
nificance is less and there may be a positive contri-
bution from disk emission. There are now 6.7⇥103

fewer events within the region of interest than the
1.7 ⇥ 106 expected from background. The true
shadow profile measured in step one needs to be
subtracted from this data to reveal any positive
contribution from gamma rays.

3. Figure 1 (bottom row) shows what remains after we
subtract (in two dimensions) the re-scaled shadow
map measured in the top row from the gamma-
hadron cut data in the middle row. The re-scaling
takes into account the reduced number of events fol-
lowing the cuts. There is now an excess of 6.3⇥103

events in the region of interest relative to the back-
ground. In the absence of a gamma-ray signal, this
step should result in a residual consistent with the
isotropic background and statistical fluctuations.
In the presence of a gamma-ray signal centered on
the Sun, there should be an excess relative to the
background, with a smoothly falling radial profile.
The event counts in each pixel are subject to Pois-
son errors and are propagated as such during the
shadow subtraction.

We repeat these steps for all analysis bins used in
this work. In B2 (median energy 0.6 TeV), we detect
a gamma-ray excess at a significance of 4.2�. In B3
(1 TeV), the excess is 4.5�, and in B4 (1.7 TeV), it is
5.1�. These significance values, based on the number
of excess gamma-ray events above the isotropic back-
ground (not the shadow), are calculated using the Li &
Ma method [36]. The combined significance of the excess
in these three bins is 6.3�, exceeding requirements for
a discovery. No significant excesses are observed in the
lower-energy bins (where the gamma-hadron separation
and angular resolution worsen) or the higher-energy bins
(where the statistics worsen); further details are given in
S.M.

A key advantage of our new analysis technique is that
it allows separate measurements of the background (be-
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FIG. 1. Results for the example of bin B3. Left: Significance maps in Sun-centered coordinates for 6.1 years of data, smoothed
with a 1� top-hat function for visual clarity. The green circle illustrates the true point spread function. Right: Angular profiles
(steps of 0.15� from the Sun) of the fractional deviation from background. The black dashed line shows the projection of the
best-fit 2D Gaussian model fitted to the shadow, with the shaded band indicating the total uncertainty in the model. The top
row shows the cosmic-ray dominated data. The middle row shows the events that survive the gamma-hadron separation cuts.
The bottom row is after subtracting the measured cosmic-ray shadow (see top-row data) from the middle-row data, leaving a
gamma-ray excess at the position of the Sun (marked by a cross).
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fore gamma-hadron cuts) and a potential signal (after
gamma-hadron cuts) for the same exposure in terms of
sky directions and durations. Another is that it di-
rectly and model-independently measures the shadow
from data, without needing any time-dependent theoret-
ical modeling of its complex details.

A potential systematic effect in our analysis could be
over-subtracting the shadow, which would result in an
artificial signal. We perform several cross-checks to test
for this possibility, finding no problems. Further details
are given in S.M.

• For off-Sun regions, we simulate the effects of a
shadow, which we subtract following the procedures
above. We find no evidence of spurious gamma-ray
sources due to over-subtraction.

• We repeat this, but now also simulate the effects of
a point source of flux 2⇥10�12 TeV�1 cm�2 s�1 at
1 TeV and spectrum falling as E�3, placed within
the simulated shadow. We find that we can recover
this source with significance > 6�.

• HAWC observes a significant cosmic-ray shadow for
the Moon [37]. We repeat the entire analysis us-
ing data around the Moon and find no evidence of
gamma-ray emission.

Time Variation.— We test for time dependence in
the signal by analyzing the data split into two halves:
Nov. 2014 to Dec. 2017 (closer to solar maximum) and
Jan. 2018 to Jan. 2021 (nearly matching solar minimum).

Figure 2 shows the maps and angular profiles for the
full 6.1 years of data (left), solar maximum (middle), and
solar minimum (right). Here we combine the bins B2, B3,
and B4. We find a strong indication of time variation.
For the solar-maximum data, we detect only a weak sig-
nal (3.3�), but for the solar-minimum data, we detect a
strong signal (5.9�). We also find that the flux during the
solar minimum is higher than the 6.1-year average (calcu-
lated below). Qualitatively, these results match the time
variation seen in Fermi-LAT data [4–6]. The fact that the
flux is anti-correlated with solar activity over energies 0.1
GeV to ⇠ 1 TeV, without an obvious energy dependence,
is an important clue for theoretical modeling.

Spectrum Slope.— Although the energy range for
our analysis is not wide, we can still measure the spec-
trum slope using the shadow-subtracted data. Here we
fit for more parameters than just the flux, which means
that each parameter is measured less well.

We use a forward-folded maximum-likelihood approach
to obtain the flux of gamma rays from the shadow-
subtracted data. Using the HAWC plug-in to the Multi-
Mission Maximum Likelihood framework [38–40], we fit
for a source described by a disk of variable radius r and

a spectrum given by

dN

dE
= A

✓
E

E0

◆��

, (1)

where A is the differential flux at the reference energy E0

(1 TeV) and � is the spectral index.
The log-likelihood function L(A, �, r) encodes the Pois-

son probability of observing Dp events in each pixel p,
given a source flux model that depends on the parame-
ters A, �, and r. It is written as

L(A, �, r) =
8X

b=2

NX

p=1

log

⇢
[Bp + Sp(A, �, r)]Dp

Dp!

�
�

[Bp + Sp(A, �, r)], (2)

where Bp is the expected number of background events in
the spatial pixel p and Sp is the number of signal events
under the assumed flux model. For the spectrum fit, we
use all N = 5940 pixels within 5� of the Sun. To obtain
the best-fit parameters, we maximize the likelihood in
Eq. (2) with respect to A, �, and r.

We define our test statistic (TS) as

TS = 2(L(Â, �̂, r̂) � LBkg), (3)

where LBkg is the log-likelihood for the null hypothesis
(the background-only scenario) and Â, �̂, and r̂ are the
best-fit values of the model parameters.

Table I shows the results for the full 6.1 years of data,
the solar-maximum period, and the solar-minimum pe-
riod. When restricting to these shorter periods, we fix
the disk radius to 0.24�, which is the best-fit value for
the full dataset (and close to the true value of 0.26�).
Given the angular resolution in this energy range (⇠ 1�),
the Sun is effectively a point source. However, a disk-
like hypothesis shows a slightly higher TS than a simple
point source when performing the spectral fit. While the
flux at solar minimum flux is higher than that at solar
maximum, the spectral slopes are consistent with each
other and that for the full dataset. The fitted values of
the slope are significantly steeper than that of the cosmic
rays. The spectral fits are subject to the systematic er-
rors that result from uncertainties in the modeling of the
detector response to air showers. The sources of these
uncertainties are discussed in detail in Ref. [41]. In this
analysis, they impact the measured flux by ⇠ 15%.

Figure 3 shows the gamma-ray spectrum of the Sun
obtained with HAWC data. We also show 1–100 GeV
Fermi-LAT data over a full solar cycle (August 2008 to
February 2020) [7]. Although there is a gap between the
energy ranges of Fermi-LAT and HAWC, the comparison
of their fluxes, plus the steeper slope for the HAWC data,
suggests a break energy at ⇠ 400 GeV, which is another
important clue for theoretical modeling.
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FIG. 2. Results for the combination of bins B2, B3, and B4, but otherwise as in Fig. 1. Left: The full 6.1-year data. Middle:
Solar-maximum period. Right: Solar-minimum period.
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Data A⇥ 10�12 � r [deg.] TS
[TeV�1cm�2s�1]

6.1 yr 1.6± 0.3 3.62± 0.14 0.24± 0.1 45
Sol. Max. 1.3± 1.1 3.9± 0.4 0.24 (fixed) 8.8
Sol. Min. 4.0± 0.7 3.52± 0.14 0.24 (fixed) 33.1

TABLE I. The best-fit parameters and TS values for each of
the three time periods analyzed. The reported uncertainties
are statistical.

Conclusions.— Probing the Sun at the highest en-
ergies is key to understanding the propagation of cos-
mic rays in the heliosphere, and in particular to solv-
ing the puzzles of the unexpectedly bright GeV gamma-
ray emission seen by Fermi. Our TeV observations with
HAWC show that the Sun continues to be an anoma-
lously bright gamma-ray source at very high energies.
The observations can be compared to the maximum pos-
sible flux assuming all the cosmic rays impinging on the
solar surface are reversed and undergo hadronic interac-
tions to produce gamma rays [5]. In fact, the observed
flux during solar minimum is ⇠ 20% of the theoretical
maximum emission due to cosmic-ray interactions [5], in-
dicating a remarkable efficiency of the underlying mecha-
nism. Moreover, the observed flux is almost two orders of
magnitude higher than the flux expected from the solar
limb alone [10], indicating the important role of magnetic
fields in modulating and enhancing the flux.

Our results provide new clues about the emission mech-
anism. The steeper spectral index than found for Fermi
observations indicates a change in the processes, as well
as a break energy ⇠ 400 GeV between the two datasets.
The measured spectrum of the Sun in HAWC data ex-
tends to an estimated maximum energy of 2.6 TeV (see
S.M.). The corresponding cosmic-ray energy of ⇠ 26 TeV
sets a new empirical energy scale up to which cosmic rays
penetrate the photosphere and produce gamma rays un-
der the influence of magnetic fields.

Models of cosmic ray interactions in the Sun such
as Refs. [9, 11, 12] already under-predict the observed
gamma-ray flux from the Sun in the GeV range. Our
observations highlight the need for a revised framework
that can explain the anomalous excess of gamma rays
from the Sun also in the TeV range.
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We provide additional details in the appendices below to aid the reading of the paper. Appendix A provides
the estimated HAWC sensitivity, and the median energies and angular resolutions for the bins used in this work.
Appendix B gives details regarding the shadow measurement and subtraction. Appendices C, D and E describe the
various cross-checks performed to verify the robustness of the results presented in this paper. Finally, F shows maps
of the Sun from all the bins used in this work.

Appendix A: HAWC Sensitivity

Figure 1 shows the improvement in HAWC’s differential sensitivity at 7 TeV for a source with a spectrum similar
to the Crab nebula [41] between the Pass 4 and Pass 5 data samples. HAWC is able to achieve a sensitivity down to
< 1% of the “Crab flux” for certain source declinations, and an improvement in sensitivity of � 2 relative to Pass 4
for all source declinations. With the new data sample, HAWC is able to achieve an angular resolution of 0.5� near 1
TeV for the zenith angles over which the Sun transits above the observatory. Table I shows the median gamma-ray
energies and the central 68% containment radius of the point-spread-function for the bins used in this analysis. We
only use B2–B8, as other bins do not contain sufficient statistics for a robust analysis of the Sun. The data still cover
a wide energy range from ⇠ 600 GeV to > 10 TeV.
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SUPPL. FIG. 1. HAWC’s sensitivity to a point-source search as a function of declination. The differential flux sensitivity at a
characteristic energy of 7 TeV is shown for a spectral hypotheses of a Crab-like source [41]. The sensitivity corresponding to
2241 days of Pass 4(5) data is shown in black (red). The dotted blue line shows 1% of the Crab flux.

Appendix B: Shadow Subtraction

The technique of shadow measurement and subtraction relies on the fact that hadronic cosmic rays vastly outnumber
gamma rays in data by a facator of ⇠ 104 � �106. This allows for an accurate measurement of the spatial profile of
the shadow without contamination by gamma-ray events. HAWC skymaps consist of the reconstructed directions of
air-showers projected on a two dimensional grid, such that the center of the grid is at the Sun. Before gamma-hadron
cuts, i.e., in the shadow maps, in a given pixel there are Nshadow data counts, while the number of background cosmic
rays are

D
NCR

bkg

E
. The deficit or excess in any pixel can be measured w.r.t. to the background. The fractional deviation

�I from background in any pixel is then given by
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Analysis Bin Median Energy [TeV] Angular Resolution [�]
B2 0.6 0.8
B3 1.0 0.5
B4 1.7 0.4
B5 2.8 0.3
B6 4.6 0.2
B7 7.4 0.2
B8 11.5 0.2

SUPPL. TABLE I. The median energies and the angular resolution in each analysis bin for a source located at the average solar
zenith with respect to HAWC. The angular resolution is defined as the 68% containment radius for the angular distribution of
the photons.

�I =
Nshadow �

D
NCR

bkg

E

D
NCR

bkg

E . (S1)

The quantity �I in every pixel near the Sun is negative due to the deficit of CR in the data. It describes our “true”
(high-statistics) measurement of the amplitude of the shadow. Gamma-hadron cuts result in an overall reduction
in the number of background and data counts in each pixel. However, the amplitude of the true shadow remains
unchanged. Therefore, analogous to equation S1, we multiply �I by the measured background after gamma-hadron
cuts hNbkgi, to yield the number of counts that need to be subtracted from the data in each pixel to account for the
shadow.

Appendix C: Cross-checks on Off-Sun regions

We also validate the analysis method on background-only or off-source “fake” Sun regions with simulated shadows
without a gamma-ray signal. We choose 52 regions at 1� intervals on the Sun’s path in the sky. The fake Suns
lie at an angular distance between 5� and 30� from the true position of the Sun. At each fake Sun position in the
cosmic-ray data, we remove events to simulate a Sun shadow. The simulated shadow in a given bin follows the same
spatial profile as the observed shadow. We introduce a similar shadow with Poisson fluctuations in the data after
applying gamma-hadron cuts. We then repeat the shadow-subtraction procedure described in the main text to obtain
the residual excess from the fake Suns.

Figure 2 shows the distribution of the significances obtained from the fake Sun regions for each bin. It can be seen
that for B2 to B4, the most significant excess around a fake Sun is always less than the significance from the true Sun.
Moreover, none of the positive fluctuations from fake Suns exhibit the spatial shape of the signal from the true Sun.
This test demonstrates that the observed gamma-ray excess is unique to the Sun and not an artifact of the analysis
method.

The median significance of the excess from the off-Sun regions is slightly greater than zero. This is because the
energy distribution of cosmic rays in the data before and after gamma-hadron separation changes by a small amount.
Higher energy cosmic rays are more easily rejected than lower energy ones. Since the central position of the shadow in
a given bin is determined by the energy distribution of cosmic rays in that bin, the change in energies causes a small
shift in the position of the shadow before and after gamma-hadron cuts. This may result in a net positive excess upon
subtraction. The median significance of the excess from the off-Sun regions is between 0 and 0.8�, showing that the
impact of this systematic is negligible and does not affect our overall results.

Appendix D: Cross-checks on the Moon

Similar to the Sun, the Moon also casts a cosmic-ray shadow by blocking part of the incoming flux of cosmic rays
[37]. However, as opposed to the low-density solar atmosphere, the ultra-thin moon atmosphere and its hard surface
implies very little hadronic gamma-ray production above a few GeV [42]. Therefore, it can be used as another location
to test our analysis methods. Since the Moon is not expected to be a source of TeV gamma rays, the analysis should
yield a result consistent with background or off-Sun regions. We repeat the whole analysis pipeline as described in
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SUPPL. FIG. 2. The maximum significance of an excess observed within 0.26� of a fake Sun region for B2, B3 and B4 (left)
and B5, B6 and B7 (right). The dashed vertical lines show the significance for the true Sun in the corresponding bin.

the main text using data around the Moon. Figure 3 shows the results, with the observed Moon shadow in the top
panel and the shadow-subtracted data in the bottom panel. It can be seen that there are only weak hints (⇠ 2�) of
a positive residual excess around the moon in the two bins where the Sun is most significantly detected. The spatial
profile of the positive fluctuations is not consistent with a disk-like source like the Sun. This study further validates
our analysis, and strengthens the case for the observed excess around the Sun being unique.

Appendix E: Cut-and-count method

Finally, we can use a different method to estimate the gamma-ray excess from the Sun that does not rely on subtracting
the shadow. This method was used in Ref. [20] to search for gamma rays from the Sun in three years of Pass 4 HAWC
data. We show in Ref. [20] that the estimated number of net gamma-ray excess events summed over all pixels in a
given region of interest (RoI) N� is given by,

N� =
Ncuts � ✏CRNshadow

✏� � ✏CR
, (S1)

where Nshadow and Ncuts are the total number of observed events (both gammas and hadrons) above background
in the shadow data and post-cuts data respectively; and ✏� and ✏CR are the respective fractions of gamma-ray events
and cosmic-ray events remaining after applying gamma-hadron cuts. These fractions are obtained from Monte Carlo
simulations. The net gamma-ray excess relative to the approximate uncertainty in the background events hNbkgi is
shown in Figure 4. A clear excess above the off-Sun regions is seen in the first three bins which is consistent with the
main analysis presented in this work.

Appendix F: Maps of Additional Bins and Highest Energy Estimate

Figure 5 shows plots from bins that were not shown in the main text. The spectral fit made use of data from bins
B2–B8.

1. Highest Energy

We cannot perform an event-by-event energy estimate in this analysis. We can obtain an approximate estimate of
the highest energy gamma-ray event from the Sun by looking for a “hard cutoff method” in the measured spectrum.



Supplemental Material – S4

0 1 2 3 4 5
� [�]

�4

�2

0

2

4

6

Fr
ac

ti
on

al
E

xc
es

s
[1

0�
3 ]

Shadow-subtracted data

0 1 2 3 4 5
� [�]

�10

�5

0

5

10

15

20

Fr
ac

ti
on

al
E

xc
es

s
[1

0�
3 ]

Shadow-subtracted data

SUPPL. FIG. 3. The Moon in B3 (left) and B4 (right). The top row shows the cosmic-ray shadow of the Moon after applying
the same quality cuts as applied to the Sun. The middle row shows the shadow-subtracted gamma-ray data in the same region.
The Moon does not appear to be a significant source of gamma-ray emission as seen in these maps. The bottom row shows the
radial excess at intervals of 0.15�.
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SUPPL. FIG. 5. Top: The shadow-subtracted significance maps for B2, B3 and B4. Bottom: Maps for B5, B6 and B7. The
Sun is detected at > 4� in all the lower energy bins in the top row.

We fit the data again to a new function which is the product of the best-fit spectrum and a step function, f(E):
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◆��

· f(E) =

8
><

>:

0 E < 0.

1 lowerbound E upperbound.

0 E > upperbound.

(S1)

The only free parameter of the fit is the value of the upper (lower) bound for determining the highest (lowest)
energy. The TS is defined as the ratio of the minimized likelihood with and without the step function. We take the
value of the energy bound at � TS =1 as the maximum estimated energy at 1�. For the Sun, this value is 2.6 TeV.


