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The solar disk is a bright source of multi-GeV gamma rays, due to the interactions of hadronic cosmic
rays with the solar atmosphere. However, the underlying production mechanism is not understood,
except that its efficiency must be greatly enhanced by magnetic fields that redirect some cosmic
rays from ingoing to outgoing before they interact. To elucidate the nature of this emission, we
perform a new analysis of solar atmospheric gamma rays with 9 years of Fermi-LAT data, which
spans nearly the full 11-year solar cycle. We detect significant gamma-ray emission from the solar
disk from 1GeV up to > 200GeV. The overall gamma-ray spectrum is much harder (~ E;?*?)
than the cosmic-ray spectrum (~ Eal%j). We find a clear anticorrelation between the solar cycle
phase and the gamma-ray flux between 1-10 GeV. Surprisingly, we observe a spectral dip between
~30-50 GeV in an otherwise power-law spectrum. This was not predicted, is not understood, and
may provide crucial clues to the gamma-ray emission mechanism. The flux above 100 GeV, which
is brightest during the solar minimum, poses exciting opportunities for HAWC, LHAASO, IceCube,

and KM3NeT.

I. INTRODUCTION

The solar disk is a bright, hard-spectrum gamma-ray
source due to its constant bombardment by hadronic cos-
mic rays, which interact inelastically with gas in the so-
lar atmosphere (including deep under the optical photo-
sphere) and produce gamma rays. If magnetic fields are
ignored, the expected gamma-ray flux is small, as only
cosmic rays skimming the solar surface and directed to-
wards Earth (the solar limb) produce unabsorbed gamma
rays [1]. However, the pioneering work of Seckel, Stanev,
and Gaisser [2] (hereafter SSG1991) showed that solar
atmospheric magnetic fields can redirect some cosmic
rays from ingoing to outgoing before they interact. This
greatly enhances the gamma-ray flux, as the entire Earth-
facing solar disk can emit gamma rays. These gamma
rays from the solar disk, which we denote as the solar at-
mospheric gamma rays (SA-~y), are a new probe of cosmic
rays in the solar system [3], solar atmospheric magnetic
fields [4], and potentially new physics [5-7].

In addition to SA~, two other processes pro-
duce gamma rays from the solar position. Inverse-
Compton (IC) scattering between cosmic-ray electrons
and sunlight [8-10] produces a diffuse gamma-ray halo
that is most luminous just outside of the solar disk. Also,
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particles accelerated during energetic solar events, such
as solar flares and coronal mass ejections [11], can pro-
duce ~ GeV gamma rays. These, however, are transients
events with much lower maximum energy (<4 GeV [12-
14]) compared to the SA~y flux.

The first evidence of SAy were reported in Ref. [15]
using EGRET data, following limits from earlier stud-
ies [16, 17]. Shortly after the launch of the Fermi
Gamma-Ray Space Telescope, the Sun was detected
with the LAT (Large Area Telescope) ([18], hereafter
Fermi2011) from 0.1GeV to 10GeV, with much bet-
ter background separation. Importantly, this analysis
found that the SA~y flux is significantly higher than even
the magnetically enhanced flux predicted by SSG1991.
Later, a new analysis ([19], hereafter NBPR2016), using
six years of Fermi data, confirmed this result, extended
the SAv detection up to 30 GeV, and found hints of a
signal up to 100 GeV, with a spectrum that is signifi-
cantly harder than predicted by SSG1991. In addition,
NBPR2016 also found that the SA~ flux anticorrelates
with the solar activity with a large amplitude, a result
that was hinted at by Refs. [15, 18], but was not theoret-
ically predicted.

In Refs. [1, 19], we showed that powerful new tests
of SAv will be possible with TeV gamma-ray experi-
ments. The Sun is a unique target for large ground-based
gamma-ray experiments, such as ARGO-YBJ [20], Tibet
AS-v [21], HAWC [22, 23], and LHAASO ([24, 25], under
construction). The TeV regime is important for SA~, as
it likely contains the transition between the low-energy
regime, where solar magnetic fields enhance the SA~ pro-
duction, and the high-energy regime, where such effects
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terminate. Even a limit on the solar flux at TeV energies
will provide critical information on the magnetic environ-
ment that is responsible for SAv production [1, 19].

The production of SA~v necessitates the production of
solar atmospheric neutrinos [2, 26-34]. The Sun can be
detected by large neutrino telescopes [32], such as Ice-
Cube, where a search is ongoing [35], and KM3NeT [36],
in the future. A detection of these neutrinos will pro-
vide important and complementary information concern-
ing the physics of solar cosmic-ray interactions. Addi-
tionally, these neutrinos are backgrounds for solar dark
matter searches, and could constitute an impenetrable
sensitivity floor [31-33]. It is therefore important to have
a robust prediction for the solar atmospheric neutrino
flux, which can only be achieved with an understanding
of the gamma-ray flux.

The continuous operation of Fermi provides a steady
stream of data probing the evolution of solar gamma rays
over the entire solar cycle. In this work, we revisit solar
observations with an improved data set (Pass 7 to Pass
8) and an improved analysis technique, aiming to ad-
dress several unanswered questions from NBPR2016. In
particular, we aim to extend the detection of SA~y above
30 GeV, in search of a spectral softening that may reveal
the termination of magnetic field enhancements from the
SSG1991 mechanism. Second, we utilize the additional
3 years of data provided by Fermi to definitively test the
anticorrelation between the SA~v flux and solar activity.
Addressing both issues will lay the foundation for build-
ing a better model of cosmic-ray interactions in the Sun.

The paper is structured as follows. We describe the
analysis method in Sec. II and the physics results in
Sec. III. We investigate an apparent spectral dip in
Sec. IV, and study the SA~ flux during solar minimum in
Sec. V. Lastly, we discuss the implications of this work in
Sec. VI, and then conclude in Sec. VII. Here we focus on
the SA~v spectrum above 1GeV and its time variation.
In a companion work [37], we pay special attention to
the highest part of the energy spectrum (above 100 GeV)
and, for the first time, study resolved images of the solar
disk in gamma rays.

II. FERMI DATA ANALYSIS

A. Data selection

Our analysis procedure is similar to that of NBPR2016,
except that we use an improved photon-position cal-
culation. Specifically, we utilize 468 weeks of Pass 8
data collected between 2008-8-7 and 2017-7-27. The
data are processed with the Fermi Science Tools ver-
sion 10rOp5, and we utilize events belonging to the
Source event class in our default analysis. In several
later analyses and cross-checks we restrict our analysis to
UltraCleanVeto class events, to further reduce cosmic-
ray contamination.

To track the solar position and perform the event selec-

tion, we produce 4.2-hr temporal bins (40/week), during
which the Sun moves ~ 0.2 degrees. We utilize gtselect
to extract photons within a 9-degree region of interest
(ROI) around the Sun, and then calculate the exact in-
stantaneous distance of each photon from the solar posi-
tion using the sunpos.py program included in the Fermi
tools. This final step is a significant improvement with
respect to NBPR2016, which utilized average positions in
each temporal bin. In particular, calculating the exact
solar distance of each photon is necessary to take advan-
tage of the ~0.1° angular resolution provided by Fermi
at high energies.

We process the data wusing standard cuts in
gtmktime, setting keyword DATA_QUAL==1 and
LAT_CONFIG==1 to ensure that the data quality are
suitable for scientific analysis. The maximum zenith an-
gle is set to be 90° to avoid the bright Earth limb. To
reduce the background due to bright point sources and
the diffuse emission from the Galactic plane, we select
data when the Sun is at latitude |b] > 30°. Given the
size of the ROI, this effectively removes photons coming
from |b] < 21°. We conservatively removed data from
any week (selected using the weekly photon data) that
contains a significant solar flare (detected by Fermi at
> 100) [38]. Compared to NBPR2016, only one more
flare, in week labeled 326, is removed.

We calculate the Fermi exposure with gtltcube and
gtexpcube2 using the PSR2_SOURCE_V6 instrumental
response function with pixel size 0.1°x0.1°. The expo-
sure is calculated in identical 4.2-hr temporal bins, which
are summed to determine the total solar exposure. The
fine temporal binning ensures that the Sun moves only
~(.2° within each exposure bin. This is negligible com-
pared to the angular dependence of the Fermi-LAT ef-
fective area. We additionally apply the same solar flare
and Galactic plane cuts described above to the exposure
calculation.

B. Likelihood analysis

To determine the SA~ signal from the data extracted
above, we follow a similar procedure as NBPR2016. In
our default analysis, we focus on gamma rays above
1GeV, dividing the data into 4 equal logarithmic bins
per decade. The 1 GeV lower bound is motivated by the
Fermi-LAT point spread function; at lower energies, it is
difficult to separate the SAvy from background emission
(see Fermi2011 for an analysis down to 0.1 GeV).

There are two background components in the ROI that
need to be taken into account for the SA~v analysis. The
first is the IC halo from cosmic-ray electrons scattering
with solar photons [8-10]. The second is the collective
gamma-ray emission from point sources and diffuse emis-
sion near the ecliptic plane, which all merge into a single
diffuse component due to the motion of the Sun. We
thus denote this background simply as the “diffuse back-
ground.”



Energies Total cts. SAvy cts. VTS SA~vy Flux
[GeV] [107¢ MeV cm™2 s71]
1.0-1.8 2903 1425  20.1 175709
1.8-3.2 1574 922 186 19.217]
3.2-5.6 776 527 16.1 20.0177%
5.6-10 345 214 9.7 14.671°8
10-18 162 116 9.8 14.071%
18-32 84 71 9.3 152735
32-56 23 17 4.1 6.4729
56-100 23 20 6.1 13.4%5%
100-178 3 2 1.2 221725
178-316 1 0.5 21723
316-562 0 — - <8.7
562-1000 0 - - <16.5

TABLE I. The total photon count and the corresponding best-
fit photon count (rounded) produced by the SA~ in the angu-
lar bin considered. The bin size is 1.5° below 10 GeV and 1°
above. The value v/T'S represents the significance of the SAy
detection, as described in the text. The last column shows
the best-fit SAvy flux, and 90% upper limits in the case of a
non detection. The 32-56 GeV bin is lower than the adjacent
bins at about 4o significance; see text for a detailed discussion
about this feature.

To separate the signal and the two background com-
ponents, we exploit their different angular distributions
in the ROI. The SA~ flux, by definition, comes from the
atmosphere of the Sun, and has an apparent angular ra-
dius 05 ~ 0.27°, where 0 is the angular distance from
the center of the Sun.

For the IC halo, we assume the intensity falls linearly
with 6g. This follows from the assumption that the
cosmic-ray electron density in the solar system is ho-
mogeneous, which was found to be reasonable [18] and
is conservative for our purpose. The IC intensity thus
peaks at small angles, except for 65 < 0.27°, where we
set the IC component to 0 due to the strong suppression
of IC emission stemming from the anisotropy of the solar
photons and the shadow of the Sun [8-10].

Due to the motion of the Sun, the diffuse emission
is strongly smeared out, and assumed to be constant
over the ROI. This is supported by estimates of the
background using the “fake Sun” method (see also Ap-
pendix A). We perform the same analyses and cuts for
3 ROIs that are displaced from the true time by +90,
4180, and +270 days, which is roughly 90°, 180°, and
—90° away from the true Sun position. As a result, we
can accurately estimate the diffuse background intensity
and avoid contamination from the IC halo. The diffuse
background flux obtained from these three fakes Suns is
used directly in our SA~ analysis.

We utilize a binned profile likelihood analysis to ex-
tract the SA~y signal from both background contribu-
tions (see NBPR2016 for a technical description). We

10—y
1_/*\ Fermi20]-.+:!. E
- T |
L \ .
0
T T
e 107™F -I- E
] . ]
. ]
> SSG1991 "3y, ]
s +\_‘t |
] R — |
u_3_ B -2;_\.‘
> 107°F E
o> ]
O ]
o —. -
c L+ SAy flux (NPBR2016, 6 yr) Nt 1
L I 4 SAy flux (This work, 9 yr) \\\_“__+_ 1
| 4 Diffuse background “ +—
—== |C background \\
10—7 sl A | el A
1 10 100 1000
Energy [ GeV ]
FIG. 1. The 9-year averaged SA+vy spectrum. The Sun is

detected significantly (> 50) for all energy bins between
1-100 GeV, except the 32-56 GeV bin, which is still above
40. Above 100 GeV, the apparent cutoff stems from the fact
that high-energy photons are only observed during solar min-
imum (see Sec. V for details). For comparison, we also show
the 1.5-year spectrum from Fermi2011, the 6-year spectrum
from NBPR2016, and the SSG1991 prediction. The differ-
ences between the intensities of these measurements are ex-
plained by the time-variability of the SA~v emission, as de-
scribed in Section IIIB. The estimated background contri-
bution in the corresponding angular bin (which changes at
10 GeV) from the IC halo (purple dashed line) and the diffuse
backgrounds (red points) are also shown.

divide the ROI into annuli of equal angular width. The
widths of the annuli are chosen to be 1.5° and 1.0° for
photons between 1-10 GeV and > 10 GeV, respectively.
These widths are chosen such that the first angular bin
is larger than the Fermi angular resolution in the energy
range, and thus the SA~ signal is fully contained in the
first angular bin to better than 95%. In each energy bin,
we fit the SAy component and the background compo-
nents using their distinct angular distributions. Because
we are only interested in the SA~ signal, we treat the IC
halo and diffuse background normalizations as nuisance
parameters. For the diffuse background, we add a Gaus-
sian term with a 20% systematic error to incorporate the
information we obtained from the fake-Sun studies. The
normalization of the IC halo is completely free, thus our
SA~ result also includes the uncertainty in the IC halo
flux. The resultant SA~v flux, its uncertainties and sig-
nificance are then obtained through the standard profile
likelihood procedure [39, 40]. We note that the best fit-
ting diffuse flux is consistent with the expectation from
studies of the diffuse Fermi-background [41].
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FIG. 2. Time variation of the SA~ flux, calculated as the annual flux divided by the 9-year averaged flux. Each panel covers half
of a decade in energy; versions with four energy bins per decade are shown in Appendix G. The SAvy flux between 1-3.2 GeV
and 3.2-10 GeV show a consistent anticorrelation with solar activity, with a comparable amplitude of +50%. For the first time,
the rise of the SAv flux correlating with the recent decrease in solar activity is observed. The sunspot number is shown as a
tracer of the solar activity (minimum at ~ 2008 and maximum at ~ 2014).

IIT. SAy ANALYSIS RESULTS
A. Time-Averaged Spectrum

Table T summarizes the results of our SA~y analysis.
The 9-year averaged SA~v flux is detected above >50 sig-
nificance in all bins between 1-100 GeV, except for the
32-56 GeV bin, which is 4.1¢. This substantially im-
proves on NBPR2016, where the SAvy flux was only de-
tected at ~ 20 in the 32-56 GeV and 56-100 GeV bins.

Above 100 GeV, only a handful of events are observed
in our data, and the SAvy detection is only marginally
significant. However, in a companion paper [37], we have
shown that the emission above 100 GeV is highly sig-
nificant during solar minimum, while no emission is de-
tected over the remaining solar cycle. Thus, averaging
over these two different time-periods artificially produces
a softer flux in the full dataset. We compare these anal-

yses in detail in Section V. Above 316 GeV, we observe
zero events in our default data set, and thus derive the
90% upper limit using the total exposure within 1° from
the Sun, conservatively assuming no background events.

In Figure 1, we compare the SAv flux with previous
theoretical and observational results. We confirm the
key findings of Fermi2011 and NPBR2016, which indi-
cated that the SAvy flux significantly exceeds the theoret-
ical predictions of SSG1991. Given that their prediction
is already a significant enhancement over the limb-only
flux [1], it is surprising that the observed data are even
brighter, and have a harder spectrum than that of the
parent cosmic rays. We extend these results to higher
energies, finding that the SA~v spectrum has a signifi-
cantly harder flux than SSG1991 models up to an energy
of at least 100 GeV. We additionally compare the SA~y
flux with the estimated contributions from IC and dif-
fuse backgrounds. The theoretically predicted IC flux is



calculated using a modified version of the StellarICs
code [10, 42, see Ref. [1] for a detailed description of in-
puts and modifications|, while the predicted diffuse back-
ground is based on an identical analysis centered on the
positions of three “fake Suns” that trail the position of
the real sun by 90, 180 and 270 days. Our analysis clearly
indicates that the SAvy flux is significantly brighter and
has a harder spectrum than either the IC or diffuse com-
ponents. Finally, we find evidence for a spectral dip in
the 32-56 GeV bin, which we discuss in detail in Sec-
tion IV.

B. Time Variability

In Figure 1, we note that the extracted SA~y flux is
significantly dimmer than the analysis of Fermi2011 and
slightly dimmer than NPBR2016. This is not due to
any tension between the analyses, but rather due to the
intrinsic time-variability of the SA~ flux. This time vari-
ation was first robustly detected in NBPR2016, which
found that the SA~ flux anti-correlates with solar activ-
ity. With 9 years of data, covering most of the solar cycle,
we can now study the time variation in more detail.

We repeat the likelihood analysis described in Sec. 11,
but divide the gamma-ray emission into individual years,
which we define to be 52 weeks, starting from the begin-
ning of Fermi-LAT operations. Because the Sun traverses
the ecliptic once in each period, every analysis window
includes the same average diffuse background. To focus
on the time-variation in each analysis period, we combine
the SAv flux into two logarithmic bins per decade span-
ning from 1-100 GeV (see Appendix G for an analysis
with finer energy bins).

In Figure 2, we show the results of this analysis. The
flux in each time period is shown as a fraction of the time-
averaged flux at each energy. We overlay the averaged
sunspot number [43] as a tracer for the solar activity.
(See Appendix G for time variations of the total flux,
defined in the next section.)

Between 1-10 GeV, we find that the SA~ flux clearly
anti-correlates with the sunspot number, peaking during
solar minimum and reaching a minimum flux near solar
maximum. To formally test the statistical significance of
this time-variation in each energy bin, we calculate the x?
fit obtained under the assumption that the flux is time-
independent, finding x? values of 91, 35, 8 and 6 with 9
degrees of freedom in each respective energy bin. These
results thus provide clear evidence of time-variability be-
low 10 GeV. While there is no statistically significant de-
tection of time-variability at higher energies, we note that
this is primarily due to insufficient statistics, rather than
any significant shift in the degree of time-variability. At
low energies, we find that the amplitude of this time vari-
ability is approximately 50% of the time-averaged flux,
and find no evidence that the time variability decreases
as a function of the gamma-ray energy. This final obser-
vation is surprising, given that higher-energy cosmic rays

are less likely to be affected by solar magnetic fields. We
investigate this further in the discussion.

Last but not least, as we have recently shown in
Ref. [37], the degree of time-dependence is very differ-
ent for the highest energy gamma rays (above 100 GeV),
where 100% of the gamma-ray flux is observed during
the first 1.5 yr of solar minimum activity. This degree of
temporal variation is significant at nearly the 5o level.

IV. INVESTIGATING THE 30-50 GEV DIP

The most striking feature of Figure 1 is the peculiar
dip in the SAy flux in the 32-56 GeV energy bin, which
falls more than a factor of two below adjacent energy
bins (see Table I). The feature appears to be statisti-
cally significant (~40 compared to adjacent bins), and
may correspond to a dip in the underlying gamma-ray
spectrum between 30-50 GeV. In Section VI, we discuss
possible interpretations of this feature. Here, we attempt
to examine its robustness and quantify its statistical sig-
nificance.

In order to more sensitively and straightforwardly as-
certain the statistical significance of the spectral dip, we
refine our standard analysis method in three ways. First,
we more finely bin the solar gamma-ray flux into eight
logarithmic energy bins per decade, in order to more
accurately determine the spectrum of the dip. Second,
we simplify our analysis routine by examining the total
gamma-ray flux within 0.5° from the Sun, rather than
utilizing the SA~y analysis techniques that fit the gamma-
ray components based on their angular profiles. This
eliminates potential systematics in the likelihood anal-
ysis stemming from the assumed background emission
morphologies. At high energies the effect of this choice
is marginal, because the IC and diffuse backgrounds are
highly subdominant to the true SAy flux above 10 GeV
(see, e.g., Figure 1).

Third, we enhance our analysis by including a new
independent dataset from photons recorded when the
Sun lies in the latitude range 5° < |b] < 30° (apply-
ing equivalent solar flare cuts). This latitude cut avoids
only the brightest regions of the Galactic plane. While
regions near the Galactic plane would suffer from signifi-
cant diffuse contaminations at low energies, the contam-
ination at energies above 10 GeV is minimal due to the
soft spectrum of diffuse emission and the smaller angu-
lar acceptance window above 10 GeV. We note that the
5° < |b| < 30° sample has roughly 60% of the exposure
of the |b| > 30° sample, and thus provides a significant
boost in statistics to the combined sample.

In Figure 3, we show the gamma-ray spectrum con-
tained within 0.5° of the solar position in eight logarith-
mic energy bins per decade. Spectra are shown for pho-
tons recorded for both our default latitude cut, and the
low-latitude analysis, along with the combined spectrum
from both event selections. We find evidence for the spec-
tral dip in both datasets and note that the gamma-ray
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FIG. 3. The total flux spectrum from within 0.5° of

the solar position, using three latitude selections: high-
latitude (]b] > 30°), low-latitude (5° < |b| < 30°), and the
combined data (|b] > 5°). Here the |b] > 30° data is inde-
pendent to the 5° < |b] < 30° one; the 30-50 GeV dip can be
seen in both. Our default SAv flux, derived from the |b| > 30°
data, is also shown for comparison.

dip now spans two distinct energy bins, spanning the
same energy range of 32-56 GeV as above. This energy
range is not altered by utilizing more finely binned energy
spectra. We note that the energy range of the spectral
feature is significantly larger than the ~7% energy resolu-
tion of the Fermi-LAT at 40 GeV, and is thus consistent
with a real spectral feature. We quantitatively test the
effect of the Fermi-LAT energy resolution in Appendix D.

We apply several different techniques to calculate the
statistical significance of this dip, and describe each in
Appendix C. Here, we note that by fitting a broken power
law to the remaining dataset (i.e., removing the two “dip”
datapoints), we can calculate the x2 fit of the dip to this
model. We find that the dip is statistically significant at
4.60 in the |b| > 30° dataset, 2.10 in the 5° < |b| < 30°
data, and 5.70 in the combined dataset.

In Figure 4, we examine the time evolution of the dip
feature by dividing the combined (|b] > 5°) data into
three periods spanning three years (156 weeks) of data.
This corresponds to the periods 8/08-7/11, 8/11-7/14,
and 8/14-7/17. We note that the dip is observed in each
temporal bin, and the location of the dip does not appear
to vary in energy. We find that the dip is most significant
during years 1-3 (4.80), but is weak in years 4-6 (1.40)
and years 7-9 (2.10). This may provide an indication
that the dip is stronger during periods of reduced solar
activity, a phenomenon that can be tested by upcoming
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FIG. 4. The total flux spectra within 0.5° of the solar

position for the |b| > 5° data selection, each covering 3 years
of exposure. The dip between 30-50 GeV can be seen for all
three spectra. While the dip may have appeared shallower for
year 4—6, the location of the dip does not change much with
time.

solar-minimum data.

Finally, we note that there are several systematic is-
sues intrinsic to solar analyses. In particular, the posi-
tion of the Sun in Fermi-LAT instrumental coordinates
is unique, as the x-axis of the satellite is oriented to-
wards the Sun in order to maximize the solar panel effi-
ciency [44]. Tt is possible that this could imbue a system-
atic feature in the response of the instrument, and cause
such a dip feature. In the Appendix B, we further check
the robustness this feature against several potential in-
strumental effects, including the azimuthal dependence of
the LAT effective area and energy reconstruction, addi-
tional checks regarding the fake-Sun background estima-
tion, and finally the event selection. We have not found
any systematic and instrumental effects that can produce
the spectral dip. (We do find a spectral feature, previ-
ously identified by the Fermi-LAT collaboration [45, 46]
that affects solar events < 10 GeV, but does not influence
the observed spectral dip feature.) We thus move on and
discuss possible interpretations in Sec. VI.

V. THE SOLAR MINIMUM SA~vy FLUX

In this section, we focus on the SAvy spectrum during
solar minimum. As first pointed out in Ref. [37], the
solar minimum SA+ spectrum is much harder and ex-
tends to higher energies than the 9-year averaged spec-
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FIG. 5. The 9-year averaged SA~ flux and the solar minimum SA+~ flux (76 weeks of data from 2008-8-7 to 2010-1-21), which
is significantly harder above 100 GeV. We also show the point source sensitivities of HAWC [23] and LHAASO [24, 25], as well
as the preliminary limits from HAWC ([47], one month of data) and ARGO-YBJ [48]. The theoretical maximum gamma-ray
flux that the Sun can produce with cosmic rays (CR upper bound, see text for detail) is shown by the black solid line.

trum. This has important implications for the results
of this study. For example, the soft gamma-ray spec-
trum > 100 GeV in our default 9-year analysis is actu-
ally due to the combined contributions of hard-spectrum
gamma-ray emission during solar minimum, and very
soft-spectrum gamma-ray emission over the remaining
solar cycle.

Motivated by this result, we apply our SA+y analysis to
the solar-minimum period, defined here as the 76 weeks of
data between 2008-8-7 and 2010-1-21. In this section,
we again make several modifications to our default event
selection in order to better represent the solar-minimum
data. First, we again choose to utilize a more-lenient
solar latitude cut of |b|] > 5° to maximize the statis-
tics during this smaller time window. Second, we al-
low the diffuse background to have a free normalization,
rather than utilizing fake-Sun constraints that were op-
timized for the |b] > 30° analysis. Lastly, we apply the
UltraCleanVeto event selection cuts to minimize cosmic-
ray contamination, a cut which reduces the exposure by
20-30%. This cut is employed to remove a systematic
spectral feature that we (and the Fermi-LAT collabora-
tion [45, 46]) identify in finely binned solar data at an
energy of ~10 GeV. Unlike the 30-50 GeV feature dis-
cussed here, the 10 GeV feature appears to be due to
cosmic-ray contamination, and disappears entirely in the
UltraCleanVeto class events. We discuss this feature in
detail in Appendix B 2.

In Figure 5, we show the resulting solar minimum SA~y
spectrum, noting three important results. First, we find

close agreement with the Fermi2011 result between 1-
10 GeV, verifying that differences between the SA~vy flux
in these analyses is due to the intrinsic time variability
of the solar flux. Second, we find close agreement with
the results of Ref. [37] above 10 GeV, which is indepen-
dent of this analysis and utilizes a slightly different data
selection. Third, we find that the solar minimum analy-
sis provides a more significant detection of SAvy emission
above 100 GeV (3.70) than is found in our default anal-
ysis. The higher statistical significance comes from the
utilization of gamma-rays during periods when the Sun
resided at 5° < |b] <30°, and not including the non-Solar
minimum period in the analysis, where no photons are
observed while the expected background increases with
time. If we also narrow the angular bin size to be 0.5°,
the detection significance reaches 5.20, in agreement with
the findings in Ref. [37].

Finally, we note that the dip between 30-50 GeV is ex-
tremely significant (8.40) in this analysis. At first, this
result may be confusing, as it exceeds the 5.7¢ signifi-
cance of the dip over the full 9-year dataset. This dispar-
ity is partly due to the harder gamma-ray flux above the
spectral dip during the solar minimum period, which pro-
vides support for a harder gamma-ray spectrum (without
a significant cutoff) on both sides of the spectral dip, and
prevents the broken power law from absorbing a portion
of the spectral dip. The high significance is also partly
due to the dip being less significant in periods outside
the solar minimum (see Figure 4), which lowers the dip
amplitude in the full 9-year dataset.



A. Implications for the SA~v production efficiency

The hard SAvy spectrum observed at solar minimum
has important implications for the underlying SA~ pro-
duction mechanism. Even without a detailed model, it
is informative to compare the observed SA~vy flux with
the maximum flux allowed from cosmic-ray interactions
in the solar photosphere. This extremal prediction can
be robustly calculated by maximizing several relevant
parameters in the gamma-ray production mechanism.
These include the fraction of the solar surface that in-
cludes magnetic fields capable of reversing the direction
of incoming cosmic-rays, the fraction of cosmic-rays that
effectively have their directions reversed before undergo-
ing a hadronic interaction, and the fraction of cosmic-rays
which subsequently undergo a hadronic interaction be-
fore escaping the solar surface. We describe this calcula-
tion in detail in Appendix E of Ref. [37]. By setting these
three terms to unity, we can calculate an upper bound
on the gamma-ray flux, which can be a%)roximately pa-
rameterized as 4 x 10~* (E, /10 GeV) 3™ MeVem 257!
above 1 GeV.

In Figure 5, we compare the solar minimum SA~ spec-
trum to this maximal gamma-ray flux, finding that the
observed SA~v flux has a significantly harder spectrum
(~ E;?2) relative to the cosmic-ray spectrum (~ Egfy"),
allowing it to approach the upper bound at high energies.
This suggests two seemingly contradictory results. On
one hand, the SA~ production efficiency must be near
unity at high energies to produce the observed flux. On
the other hand the SA~y production efficiency must be in-
creasing rapidly at high energies in order to maintain the
hard SA~ spectrum. Moreover, while it is not surprising
that the SAvy production efficiency is energy dependent,
it is somewhat surprising that the efficiency increases
with energy, given that it is more difficult to confine and
reflect higher energy particles in the solar magnetic field.
It is also important to note that the SSG1991 model,
if continued to high energy, follows the cosmic-ray spec-
trum. Thus the gamma-ray data implies qualitatively
different physical effects compared to SSG1991.

The proximity of the SAvy flux at solar minimum to
the maximal cosmic-ray flux also presents significant is-
sues. Above 100 GeV, the SA~ flux is close to 30% of the
cosmic-ray upper bound. It is not clear how to achieve
such an efficiency in a realistic setup. In Ref. [37], we dis-
cuss several possible methods of further enhancing the
SAv flux, including magnetic focusing from the large
scale magnetic field, long-term cosmic-ray confinement in
the coronal magnetic field, anisotropies in the SA+y emis-
sion mechanism, or some unknown intrinsic solar gamma-
ray production mechanism.

Finally, because the highest-energy gamma-ray pho-
ton from a typical hadronic interaction has an energy of
~0.1E,, the observation of a >100GeV SA~y flux sug-
gests that the enhanced gamma-ray production mecha-
nism applies to even >TeV cosmic rays, at least during
solar minimum. This observation is partially supported

by the cosmic-ray shadow measurements by Tibet ASy
measurement [49], which showed that solar coronal mag-
netic fields can affect cosmic rays 210 TeV. These will
have important implications for searches of solar atmo-
spheric neutrinos and dark matter signals from the Sun;
we discuss further below.

B. Detection Prospects at TeV Energies

The high-energy SA~ flux during solar minimum
has immediate implications for TeV solar gamma-ray
searches. In this regime, only ground-based air shower
experiments and water Cherenkov telescopes, such as
ARGO-YBJ [20], Tibet AS-gamma [21], HAWC [22, 23],
and LHAASO [24, 25] are capable of solar observations.
Figure 5 also compares the SAvy flux with the 1l-year
differential sensitivity of HAWC and LHAASO. If the
hard spectrum observed during solar minimum contin-
ues to the TeV range, then it will fall within the reach
of HAWC’s 1-year sensitivity. Given that HAWC is al-
ready operating, the current solar minimum (Cycle 25,
beginning presently) provides the perfect opportunity for
HAWC to test the TeV SAvy flux. We also show the pre-
liminary upper limits of SAy from ARGO-YBJ [48] and
HAWC [47]. The latter is obtained with only 1 month of
data, and the sensitivity is expected to improve signifi-
cantly.

In the near future, LHAASO is expected to provide
even better sensitivity and a lower energy threshold. Ex-
citingly, the projected sensitivity is already reaching the
solar minimum spectrum at around 200 GeV. LHAASO
may even be able to probe the considerably softer SA~y
flux outside of the solar minimum.

VI. DISCUSSION AND IMPLICATIONS
A. Interpretations of the 30-50 GeV dip

In this work we discover a spectral dip between ap-
proximately 30-50 GeV, with a local significance exceed-
ing 5o. This is surprising given that the cosmic-ray en-
ergy spectrum is incredibly smooth. Moreover, though
SSG1991 predicts a spectral cutoff between 302000 GeV,
a hard spectral component above the cutoff is not ex-
pected. While we cannot rule out any unknown system-
atic effects that may produce this feature, it has survived
several sensitive tests detailed in the Appendix. In Ap-
pendix D, we find that the spectral dip is consistent with
approximately a 50% reduction in the gamma-ray flux
over an energy range of approximately 20 GeV, which is
then smeared by the Fermi-LAT energy resolution. These
numbers guide our search for a potential source of the
spectral dip feature.

In this subsection, we consider and quickly investigate
several potential interpretations of the dip feature, with
additional details presented in the appendix.



1. Hypothesis I: Two Cosmic-Ray Components

One model capable of producing a spectral dip in-
cludes two separate cosmic-ray proton components,
which dominate SA~y emission below and above the spec-
tral dip. Given that the interstellar cosmic-ray spec-
trum is smooth, and the efficiency of SA~ production
is nearly maximized at high energies, this split would be
most reasonably produced by magnetic-field structures
that inhibit cosmic-ray interactions within a specific, and
narrow, energy range. For example, it is possible that
one class of magnetic field structures are responsible for
gamma-ray production below ~ 30 GeV (e.g. flux tubes,
as suggested by SSG1991), which become ineffective at
high energies and cause a cutoff. The rise in the gamma-
ray flux above 50 GeV would then be caused by a sepa-
rate class of magnetic structures that are only accessible
to high-energy cosmic-rays.

However, we find that it is difficult to produce both the
depth and the width of the observed spectral dip with a
two-component proton spectrum. This is due to the fact
that the gamma-ray kernel for a given proton interaction
is broad, which we detail in Appendix. F. The kernel may
be sharpened, if only a narrow kinematic region is con-
sidered (e.g., a tiny angular cone from the parent proton
direction). However, it is not clear how such a scenario
can be realized in the Sun, where the cosmic-ray direction
is expected to be roughly isotropic, and the gamma-ray
efficiency must be nearly maximal, in order to explain
the high SA~ flux.

2.  Hypothesis II: Gamma-Ray Absorption

Another possible mechanism capable of producing the
spectral dip is the preferential absorption of gamma-rays
in the 30-50 GeV energy range. Gamma rays can be ab-
sorbed by gas through the interaction y+p — e +e™ +p,
with an absorption length of ~ 80 gcm™2, which is com-
parable to that of p-p interactions [50]. However, above
the threshold (~1 MeV), the cross section is smooth, and
thus unlikely to cause a dip. While v + p — resonances
(e.g., AT) could produce a dip feature, the cross sec-
tions are too small [50]. Similar processes occur for elec-
tron targets with higher energy thresholds, but the cross-
sections are even smaller. Absorption on photon targets,
ie. v+ — et 4 e~ interaction, may produce a dip
feature. The reaction threshold is ~ 250(1eV/E,) GeV,
taking the typical target photon energy at the photo-
sphere (~1eV). The threshold can be lower and thus
match the energy of the dip if the interaction occur be-
low the photosphere, where the Sun is hotter. However,
in this region the matter density would be orders of mag-
nitude higher than the photon density, and thus matter
effects should provide the dominant source of gamma-
ray absorption. Therefore, we find that it is unlikely for
gamma-ray absorption to produce the observed dip fea-
ture.

8. Hypothesis III: Solar Neutrons

One intriguing possibility is that the dip is produced
by solar neutrons, rather than solar gamma-rays. Un-
like the case of more distant sources, solar neutrons can
travel unimpeded to Earth before decaying. Assuming
that the SA~ flux is produced by hadronic processes, the
solar neutron flux recorded by the Fermi-LAT should be
similar to the gamma-ray flux (see e.g., SSG1991). Solar
neutrons have, in fact, been observed by Earth-bound
observatories and correlated with gamma-ray emission
during solar flares [51, 52].

While the Fermi-LAT event reconstruction algorithms
are finely tuned to eliminate the large contaminating flux
from charged cosmic-rays, the efficiency in rejecting high-
energy neutrons is not publicly available. Additionally, it
may be difficult to definitively ascertain the efficiency of
this cut, due to the very low flux of solar neutrons from
non-solar or terrestrial sources. Furthermore, while anal-
ysis cuts of gamma-rays and hadrons have been carefully
tuned to avoid inducing spectral features in the result-
ing gamma-ray spectrum, sharp features may potentially
be induced from neutron sources. In Appendix E, we
test several potential event-level quantities that may po-
tentially distinguish neutron and v-ray events, finding
no obvious evidence for a neutron component. However,
without utilizing non-public instrument-level data, we do
not have the ability to rigorously test this hypothesis.

Assuming for a moment that solar neutrons are present
in the Fermi-LAT data, we note that these events would
be reconstructed utilizing analysis algorithms tuned to
accurately determine the energy of gamma-ray showers.
Thus, the energy reconstruction of neutron events may
be highly biased. In this scenario, the observed “dip” in
the solar gamma-ray spectrum may result from a popu-
lation of 30-50 GeV neutrons, which are mis-identified
by the Fermi-LAT analysis algorithm as ~ 50-80 GeV
gamma-rays. This would explain several features of the
gamma-ray dip, including (1) its sharp spectral fall-off
and rise, and (2) the large gamma-ray flux at energies
immediately above the spectral dip. Additionally, if the
neutron rejection efficiency were found to fall smoothly
as a function of energy, it may explain the hard spectrum
of observed SA~ emission, although the neutron rejection
efficiency would need to be fine-tuned in order to repli-
cate power-law observations over more than two decades
in energy.

We note, however, that this explanation does not ex-
plain the time-variation of SA~y emission, or the signif-
icant spectral differences observed from SA~y emission
above 100 GeV during solar minimum. As pointed out by
Ref. [37], photons observed during solar minimum have
unique spectral and morphological characteristics com-
pared to photons observed during the remaining solar
cycle. These morphological shifts, in particular, cannot
be modeled by misidentified neutrons, and instead indi-
cate a significant shift in the solar gamma-ray generation
mechanism.



4. Hypothesis 1V:
Statistical fluke or Time-dependent instrumental effects

We note that the dip is most significant during the
solar minimum and becomes much weaker in later time
periods. While this may be a hint that the dip is related
to solar minimum activity, we cannot fully rule out the
possibly of an unlikely statistical fluke, given that only
one solar minimum was observed by Fermi.

More importantly, we note that the first solar mini-
mum corresponds to data taken just after the launch of
the Fermi-LAT. Though contrived, we cannot rule out
the possibility of a time-dependent instrumental effect
that causes a dip only in the instrumental phase space
of the Sun. The time-dependent effect could be caused
by changes of Fermi operation or event reconstruction
during its lifetime. For example, in September 2009, the
rocking angle of Fermi was increased from 35° to 50° [44].
However, it is not clear show such changes would produce
a spectral dip feature. Fortunately, these two possibilities
can be tested by Fermi observations of the Sun during the
on-going solar minimum.

5. Hypothesis V: Intrinsic Solar Emission

Lastly, we must also note that we are unaware of any
intrinsic solar mechanism that can produce such energetic
gamma-ray emission. But in light of a two-component
SA~ scenario, we cannot rule out any intrinsic solar com-
ponent interpretation.

B. Time variations of SAvy flux

In this work, we have observed moderate time varia-
tions (+£50%) in the SA~y flux between 1-10 GeV. Inter-
estingly, the amplitude of this variation does not seem to
vary significantly with energy. Naively, one would expect
that the amplitude of the time variation decreases with
energy, as seen in the solar modulation of cosmic rays ob-
served at Earth [3]. However, simple models, where the
amplitude of the time variation is proportional to either
E, or EJ 1 are ruled out by our SAvy analysis. The rela-
tively energy-independent time variation amplitude could
be a hint that additional solar modulation from within
the Earth’s orbit plays a relatively minor role in affecting
the cosmic-ray spectrum at the solar surface. Alterna-
tively, the observed relationship could be produced via
two competing effects. For example, if the efficiency of
solar atmospheric magnetic fields in producing outgoing
gamma rays from incoming cosmic rays increases with
energy, this could offset the effect of solar modulation
in decreasing the cosmic ray flux. Finally, the observed
time variation could be dominated by other time-varying
solar properties, such as a time-dependent scale height
for cosmic-ray reversal that affects cosmic rays equally
at all energies.
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We note two potential observables that could illumi-
nate these possibilities. First, a detailed analysis of the
IC halo may be able to probe the effect of cosmic-ray
electron propagation inside the Earth’s orbit, isolating
any effects due to the solar atmosphere. Second, while
the solar minimum SA~v flux is bright up to 200 GeV,
no > 100GeV events were observed outside the solar
minimum. This extreme time variation may provide im-
portant clues for the underlying gamma-ray production
mechanism.

C. Implication for solar atmospheric neutrinos

Understanding the production mechanism of the SA~y
flux is extremely important for solar atmospheric neu-
trino searches by IceCube and KM3NeT. Normally, the
calculations of solar atmospheric neutrinos assume that
the Sun has zero magnetic fields [28, 31, 33|, implying
that Earth-bound neutrinos are produced from the far
side of the Sun. Importantly, neutrino absorption in the
Sun starts to be important above 100 GeV. Even in this
case, the harder solar atmospheric neutrino spectrum
(compared to the Earth’s atmospheric neutrino back-
ground) makes the Sun a potentially detectable source
for large neutrino telescopes above 1TeV [32]. It was,
however, not clear how magnetic fields could affect the
solar atmospheric neutrino flux.

The observed > 100 GeV SA+y flux during the solar
minimum implies that solar magnetic fields must be able
to significantly affect cosmic rays = TeV to boost the
gamma-ray production. If there is a large component
of reflected TeV cosmic rays that interacts in the atmo-
sphere, this may enhance the solar atmospheric neutrino
flux by producing neutrinos in lower density regions that
have a longer charged pion interaction length, and where
the neutrinos suffer negligible absorption.

Importantly, the observed solar minimum SA~y flux
provides a model-independent estimate of the minimal
solar atmospheric neutrino flux at this energy range.
This estimate assumes no gamma-ray absorption. If
gamma rays are efficiently absorbed by the solar atmo-
sphere, it would increase the predicted neutrino flux.

We take the solar minimum SA~ flux above 50 GeV
to be ®, ~ 2 x 107®GeVem 2s71(E, /100 GeV) T,
with I' ~ 2. The corresponding muon neutrino flux
is about a factor of 2'~T smaller, and thus ®, ~
0.5®.,(E, — E,). This takes into account that the num-
ber of photons is roughly the same as each flavor of
neutrino (including antineutrinos) from hadronic inter-
action, but photons have twice the averaged energy [53].
Approximating the neutrino effective area of IceCube
as 20cm?(E, /100 GeV)? [54], and considering ®, from
100 GeV to 1 TeV, the number of events expected by Ice-
Cube is about 1 event per 1.5 year. It is thus extremely
interesting to see if IceCube can detect these neutrinos
in the upcoming solar minimum.

If the high-energy SA~v flux is transient in nature (e.g.,



correlating with the formation and destruction of specific
magnetic field structures), then a coordinated search us-
ing IceCube, Fermi and HAWC will be extremely ben-
eficial. In particular, employing variability information
can improve the sensitivity of IceCube by allowing it
to relax some data selection criteria to potentially lower
the energy threshold, while maintaining a high signal-to-
background ratio within a smaller time window. It is for-
tunate that IceCube and HAWC are located in different
hemispheres, as IceCube is significantly more sensitive to
solar neutrinos when the Sun is below the horizon.

D. Implication for solar dark matter searches

The detection of > 100 GeV SA~ flux could signifi-
cantly affect solar dark matter searches with neutrino
telescopes. The fact that magnetic fields strongly affect
cosmic rays above 1 TeV adds considerable uncertainty
to current solar atmospheric neutrino flux calculations. If
the neutrino flux were similarly enhanced, compared to
the calculations without magnetic fields, this could raise
the dark matter sensitivity floor [31-33], and reduce the
dark matter parameter space that can be probed by neu-
trino telescopes [55, 56].

Most dark matter models do not produce a signifi-
cant neutrino flux above 1TeV, due to neutrino absorp-
tion within the solar core. However, if dark matter ac-
cumulated in the solar core annihilates first into some
metastable mediator, that mediator could subsequently
decay outside the solar core and produce observable neu-
trinos, gamma rays, and other messengers at TeV ener-
gies (for some examples, see Refs. [6, 7, 57, 58]). Corre-
lated high-energy neutrino and gamma ray observations
were proposed to search for these metastable mediator
dark matter model, as the cosmic-ray induced gamma-
ray flux was expected to be negligible at ~TeV ener-
gies [6]. If solar magnetic fields can enhance both gamma-
ray and neutrino production above TeV, it would be dif-
ficult to differentiate this emission from metastable me-
diator dark matter signals, at least in the TeV range.

Lastly, while it is tempting to associate the SA~y com-
ponent above the 30-50 GeV dip with dark matter or an-
other new physics origin, it is not clear how exotic physics
can accommodate the extreme time variation and mor-
phological shift [37] observed in SAyevents > 100 GeV.
On the other hand, the extreme time variation in the
high-energy SA~ flux potentially provides a method for
removing the astrophysical contribution to reveal any un-
derlying dark matter component.

VII. CONCLUSIONS AND OUTLOOK

In this work, we analyzed 9 years of Fermi data to
detect the SAvy flux and study its spectrum and time
variation. We detect significant SAvy emission from
1GeV up to 2200 GeV, extending our previous results
in NPBR2016 that detected SA~y emission only up to
30 GeV.
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Using data covering most of the solar cycle, we find
that the SAvy flux anticorrelates with solar activity be-
tween 1-10 GeV. The SAvy flux peaks during the 2008
solar minimum, and decreases as the Sun becomes more
active. Additionally, we observe, for the first time, the
increase of the SA~v flux corresponding to the decreas-
ing solar activity since 2013. We find that the amplitude
of this time variation does not change significantly with
energy between 1-10 GeV, which may shed light on the
underlying gamma-ray production mechanism.

Interestingly, we discover a significant spectral dip be-
tween ~ 30-50 GeV in multiple datasets. We find no ev-
idence that this dip is a systematic or instrumental arti-
fact, and find no obvious theoretical interpretation. The
dip appears to be more significant when the Sun is less
active, thus Fermi observations during the upcoming so-
lar minimum may shed light on the nature of this feature.

Motivated by our companion paper [37], we compute
the SA~ flux during the Cycle 24 solar minimum. The
solar minimum SA~ flux exhibits a hard and bright spec-
trum up to at least 200 GeV. This hard SAy compo-
nent could be tested by Fermi and HAWC during the
upcoming Cycle 25 solar minimum, which is beginning
presently. In the future, LHAASO can probe the SA~
flux at ~TeV energies with even better sensitivity.

The hard spectrum of the solar minimum SA+~y flux sug-
gests that solar magnetic fields affect cosmic rays above
1TeV in the solar atmosphere, which suggests that mag-
netic fields may significantly affect the expected solar at-
mospheric neutrino flux. In addition, the observed SA~y
flux during solar minimum implies a minimal detectable
neutrino flux, which may be constrained by IceCube. A
coordinated search of IceCube, HAWC, and Fermi data
may improve the sensitivity of these observations and test
whether this component is transient in nature.

The results of this work lay the foundation for build-
ing a more accurate model for cosmic-ray induced high-
energy emission from the Sun. This is crucial for a ro-
bust prediction of high-energy solar neutrinos, which is,
in turn, important for solar dark matter searches. Ulti-
mately, high-energy emission from the Sun may provide
a novel probe of the solar atmosphere, cosmic rays in the
solar system, and new physics.
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SUPPLEMENTAL MATERIAL

Here we provide more details concerning the analysis
techniques utilized throughout the main text, and per-
form systematic checks to evaluate the possibility that
instrumental systematics affect our determination of the
SA~ flux and spectrum. In Appendix A, we investigate
potential systematics stemming from the non-standard
data analysis techniques required to evaluate the flux and
spectrum of the Sun, which is rapidly moving compared
to diffuse backgrounds. In Appendix B, we investigate
potential systematic issues in the Fermi-LAT effective
area or energy reconstruction stemming from the unique
position of the Sun in instrumental phase space. In Ap-
pendix C, we describe the methodology used to quantify
the significance of the 30-50 GeV dip in the SA~y spec-
trum. In Appendix D, we check the effect of instrumen-
tal energy dispersion regarding the gamma-ray absorp-
tion hypothesis of the dip. In Appendix E, we check
the quality of the photons regarding the solar neutron
hypothesis. And in Appendix F, we investigate the po-
tential two-component cosmic-ray interpretation of the
dip. Lastly, in Appendix G, we show the time variation
of the SA~v flux in finer energy bins.

Appendix A: Systematic Effects in the Data
Analysis Methodology

1. Background Estimation Using “Fake Suns”

In this section, we examine the gamma-ray flux and
spectrum from three “fake Sun” models, which trail the
position of the Sun by 3 months, 6 months, and 9 months,
respectively. This test serves two purposes. First, it pro-
vides an accurate estimate of the diffuse background at
the solar position, because each fake Sun moves (over
the course of a year) through the same array of coor-
dinates as the real Sun. Because the vast majority of
gamma-ray emission occurs in steady state, this provides
an exposure-weighted calculation of the background flux.
Second, this test allows us to evaluate our data extrac-
tion methodology, to ensure that our analysis of a quickly
moving solar region does not produce any spectral fea-
tures in the position of power-law backgrounds.

In Figure A1, we compare the total flux from within
1.5° and 1.0° of the Sun with the calculated gamma-ray
flux from each fake-Sun position, both with the |b| > 5°
selection. We immediately note two conclusions: (1) the
diffuse gamma-ray emission accounts for approximately
half of the observed gamma-ray flux near the solar po-
sition at low-energies, but contributes only ~10% of the
total emission at high energies. These results are consis-
tent with our SAvy analysis (shown in Table I) (2) there
is no spectral feature in the diffuse gamma-ray flux of the
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FIG. A1. The total gamma-ray flux from within 1.5° and
1.0° of the Sun (blue) with |b] > 5° selection, compared to
the spectrum of “fake Suns” characterized by a position that
trails the Sun by 3-months (black), 6 months (dark gray)
and 9 months (light gray). The mechanism utilized to cal-
culate the flux from fake-Sun positions is identical to that
of the real-Sun, except that periods with solar flares are not
removed from the data. The flux observed from fake-Sun po-
sitions characterizes the diffuse contribution to the SA~v flux.
The sudden dip in the “fake-sun” gamma-ray flux at 10 GeV
stems from the more stringent angular cut of 1° imposed on
the data above this energy. The lack of any observed dip in
the 30-50 GeV energy range argues against any systematic ef-
fect relating to our data-extraction algorithm in producing an
anomalous gamma-ray spectral feature, though we note the
large error-bars make it difficult to rigorously rule out this
possibility.

fake-Sun positions in the 30-50 GeV energy range, which
argues against any contribution from either diffuse emis-
sion or our analysis routines to the observed solar spectral
dip.

2. Background Estimation Using Stacked “Fake
Suns”

At high energies, the statistical information that can
be obtained from the fake-Sun positions analyzed in Sec-
tion A 1 is minimal, due to the very small diffuse gamma-
ray flux at high energies. In particular, the small statis-
tical sample limits our ability to conclusively determine
whether or not a dip in the gamma-ray spectrum exists
between ~ 30-50 GeV in our fake-Sun sample.

In this section, we increase the statistical sample by
evaluating the total emission from 177 fake sky positions,
including “fake-Suns” that trail the position of the real
sun by between 6-360 days in two-day increments. We
choose the two degree increment because the Sun moves
approximately 1° per day, and remove positions within 5°
of the Sun due to the non-negligible solar ICS component
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FIG. A2. The gamma-ray energy spectrum calculated from
stacking the emission at 177 “fake Sun” positions that trail the
real sun by between 6-360 days (even numbered days only).
This provides a large statistical sample of the diffuse gamma-
ray spectrum obtained at the solar position. We find no evi-
dence for a spectral dip between 30-50 GeV, validating both
our analysis method, and the lack of any significant contri-
bution from diffuse gamma-ray sources. Unlike Figure A1,
we utilize a consistent 1° angular cut for all photons above
1 GeV, in order to remove the artificial dip at 10 GeV, and to
focus our interest on the 30-50 GeV feature.

close to the real Sun. Because this analysis is focused on
the origin of the 30-50 GeV dip, we use a consistent radial
cut of 1.0° at all energies in this analysis.

Unfortunately, due to the large number of solar po-
sitions we analyze, it is not computationally feasible to
calculate the Fermi-LAT exposure at each fake-sun po-
sition. Thus, we plot the spectrum in units E? dN/dE,
utilizing the result from Section B 1 which indicates that
their is no peculiar energy dependence in the Fermi-LAT
effective area near the position of the gamma-ray dip. For
the spectrum of a few fake Suns in physical units, they
can be inferred from Fig. 1 for |b| > 30° and Fig. A1 for
|b| > 5°.

In Figure A2 we show the resulting spectrum from
our analysis, finding no evidence for a unique spectral
feature between ~ 30-50 GeV. The combination of this
test, alongside the fluxes of individual fake suns in Ap-
pendix A1, indicate that our analysis technique does
not introduce any spectral dips in the 30-50 GeV energy
range.
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Appendix B: Systematic Effects in the Instrumental
Response Near the Solar Position

1. The ¢-dependence of the Effective Area

We utilize the Fermi-LAT tools gtltcube and
gtexpcube2 to calculate the energy-dependent effective
area and exposure of solar observations. In our default
analysis, we follow the standard procedure, which finely
bins the effective area in the angular coordinate denoting
the distance of the observed photon from the Fermi-LAT
boresight (), but does not finely bin the effective area
in the second angular coordinate, which describes the
recorded angle of photons with respect to the Fermi solar
panels (¢). For standard target analyses, these choices
are correct - because the effective area varies strongly
with @ and only marginally with ¢.

However, because the Fermi-LAT solar panels are typ-
ically aligned with the Sun, it occupies a unique position
in ¢-space. Thus, it is likely that any small ¢-dependent
systematic will appear first in solar observations. In Fig-
ure A 3, we plot the distribution of solar photons that
pass our angular and energy reconstruction cuts in instru-
mental phase-space, compared to a randomly selected
sample of photons located more than 5° from the so-
lar position. We find that the Sun has a slightly-skewed
distribution in f-space, but note that we carefully take
this into account by weighting the effective area in bins
of cos(f) = 0.025. However, the ¢-distribution of solar
photons differs drastically from the average, and this is
not taken account in our default analysis. In fact, the
distribution is somewhat more peaked than portrayed in
Figure A 3, as nearly all solar events are located within
3° of ¢ = 0 (which gives cos(¢) > 0.998).

While the Fermi-LAT collaboration notes that the
overall change in the effective area at 10 GeV as a func-
tion of ¢ is only ~1% [59], they do not discuss the
energy-dependence of this effect. Here, we utilize the
hidden parameter phibins in gtltcube to directly cal-
culate the ¢-weighted energy-dependent exposure of solar
photons. This accounts for any known systematic issue
affecting the Fermi-LAT effective area or energy recon-
struction near the solar position that was not taken into
account in our standard analysis. In Figure A 4, we plot
the Fermi-LAT effective area as a function of energy for
models where we set phibins=1 (our default assumption)
as well as phibins=10 and phibins=30. While even the
choice of 30 ¢-bins produces ~12° bins that are somewhat
larger than the distribution of solar photons in ¢-space,
we found that this was the largest computationally feasi-
ble measurement. Moreover, because events near ¢ = 0
pass directly through the flat side of the instrument, we
expect the ¢-dependence to be mild at values very close
to ¢ = 0 itself.

We note two effects. First, the calculated effective area
increases by about 4% when the analysis is increased to
30 bins. This result is similar to the Fermi-LAT collab-
oration analysis, and implies that the calculated solar
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FIG. A 3. The instrumental phase-space distribution of solar photons that pass our energy (>1 GeV) and angular (<1.5° below
10 GeV and <1° above 10 GeV) event selection cuts (green), compared to the distribution of an equal number of randomly
chosen events with energy >1 GeV and an angular separation of >5° from the solar position (blue). The instrumental phase
space is divided into the angle 6, which describes the incident angle of the photon with respect to the LAT boresight, and the
angle ¢, which describes the incident angle with respect to the Fermi solar panels. While the distribution of events in #-space
is relatively normal (and is carefully corrected for in calculating the Fermi-LAT effective area), the distribution of events in
¢-space is unique for solar photons. We note that the ¢-dependence of solar events is somewhat more extreme than indicated
by our binning choices, as more than 90% of the events are concentrated within 3° of ¢ = 0, (i.e. cos(6) > 0.998).
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FIG. A 4. The integrated Fermi-LAT exposure over our anal-
ysis time period at the Solar position, utilizing all periods
when the Sun exceeds a latitude of b>5°. The exoposure is
calcualted for our default assumption, which averages over the
¢-distribution of solar photons (phibins=1, black), as well as
for two improved exposure calculations which finely bin the
¢-dependence of the Fermi-LAT effective area (phibins=10,
green), (phibins=30, blue). We find that the finer ¢-bining
increases the overall instrumental exposure by approximately
4%, but does not induce any significant energy-dependent fea-
tures above the ~1% level. This precludes known systematic
effects in the ¢-dependence of the Fermi-LAT exposure from
explaining the amplitude of the solar gamma-ray dip.

gamma-ray flux is decreased by about 4% relative to the
values calculated in the main portion of the text. Sec-
ond, the modification to the Fermi-LAT effective area is
relatively energy-independent, inducing spectral changes
only at the level of ~1%. The result of this analysis indi-
cates that no known systematic issue in the Fermi-LAT
event reconstruction at values near ¢ = 0 contributes to
the dip in the solar gamma-ray spectrum.

2. Spectral Features in Events Near ¢=0

In the previous section, we ruled out the possibil-
ity that “known” features in the ¢-dependence of the
Fermi-LAT effective area could account for the observed
spectral-dip in the Solar gamma-ray flux. However, it

is also possible that “unknown” features — those not
represented in models of the Fermi-LAT effective area
or energy dispersion — could account for the spectral

dip observed in the solar gamma-ray flux. Because most
sources have relatively uniform exposures in ¢, it is possi-
ble that a significant effect has gone unnoticed in previous
analyses of the Fermi-LAT data — only to appear first in
high-energy analyses at the solar position.

We develop the following test of this hypothesis. We
first extract every gamma-ray photon that passes our de-
fault event class and temporal cuts with the following
characteristics: (1) a recorded energy exceeding 1 GeV,
(2) a distance of at least 5° from the contemporaneous so-
lar position, (3) an observed ¢-angle within 3° of phi = 0.
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FIG. A 5. The spectrum of gamma-rays found at least 5° from the contemporaneous solar position, and recorded within 3° of
¢ = 0 in instrumental coordinates (¢ < 3° or ¢ > 357°), compared to the spectrum of random “partner” events recorded at
similar R.A. and dec positions to each event, but outside of this ¢-range in instrumental coordinates. Results are shown for
our default Source event class (left), the more conservative UltraCleanVeto event class (center), which is designed to remove
mis-identified charged cosmic-rays, and the ensemble of Source class events that do not pass the UltraCleanVeto event selection
(right). We find a statistically significant feature in the energy-reconstruction of Source class events near ¢ = 0 that likely
indicates a ¢-dependent systematic error in the LAT-reconstruction algorithm at the level of ~10-20%. This effect disappears
in UltraCleanVeto events, signaling that it is likely due to cosmic-ray misidentification. This effect potentially explains the
sharp peak in solar gamma-ray photons near directly below 10 GeV, as shown in Figure 3. However, we note that this feature
does not appear to produce any significant spectral feature between 30-50 GeV, where the spectra of both ¢ ~ 0 and partner
events appear similar. Additionally, the amplitude of this effect is significantly smaller than the observed 30-50 GeV spectral
dip.
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FIG. A6. Same as Figure A5, but for three separate divisions of the Fermi-LAT Source class events. First, we compare
events observed between 5°—15° from the contemporaneous solar position with events recorded more than 90° from the solar
position (left). Second, we compare events observed within 3° of ¢ = 180°, which corresponds to events observed opposite to
most solar gamma-rays (center). Third, we compare events observed within 3° of ¢ = 135°, which corresponds to a corner
in the Fermi-LAT instrument rather than the center of the instruments face. We find that the sun itself does not appear
to significantly affect the rate of cosmic-ray contamination, while ¢-positions corresponding to the center of the Fermi-LAT
instrument do appear to produce such an effect.



These cuts produce a dataset of 223,707 events with sim-
ilar instrumental reconstructions as solar photons, but
which do not have a solar origin. For each event, we se-
lect a single random “partner” event with the following
characteristics: (1) an energy exceeding 1 GeV, (2) an
observed ¢-angle exceeding 3° from ¢ = 0.0, and (3) a
small angular separation from the original event in r.a.
and dec.

The final selection criteria ensures that the average
spectrum of all source and partner events is similar, as
they are produced in equivalent regions of the Fermi-LAT
sky. We pick angular separations following a tiered ap-
proach, we first randomly select any partner event within
0.1° of a given ¢ ~ 0.0 event, noting that this works
for ~90% of our population and the separation is much
smaller than the Fermi-LAT angular resolution, indicat-
ing that the origin of these two events is nearly identical.
If no such photon is found, we widen our angular accep-
tance to 0.2° and then 0.5° to ensure that every photon
has a partner. In combination with our observation (in
the previous section) that the ¢-dependence of the in-
strumental effective area is energy-independent to within
1%, this implies that the counts spectrum of gamma rays
from both our source events and our random “partner”
events should be identical.

First, we verify that this hierarchical event-selection
procedure does not induce any spectral features into the
¢ ~ 0.0 and partner events. We test this by repeat-
ing the analysis routine 10 times, with randomly cho-
sen seed events. We find no spectral differences between
the parent and partner events at the level of ~1%, in-
dicating that our hierarchical event selection technique
does not introduce any systematic biases into the energy-
distribution of events.

In Figure A5 (left) we show the results of this anal-
ysis. Overall, we find that the spectra of the |¢| < 3°
and |¢| > 3° event selections are similar. However, there
is a highly statistically significant feature extending from
approximately 3 GeV to nearly 25 GeV in energy. In this
range, we see an initially smaller population of |¢| < 3°
gamma rays shift to a larger population of |¢p| < 3°
gamma rays at an energy of ~8 GeV. We note that, be-
cause there are an equal number of events in each selec-
tion, an excess of photons at one energy must correspond
to a deficit elsewhere. The magnitude of this effect is
nearly 20% at 10 GeV. In the center panel, we show that
this effect disappears when we select only the subset of
gamma rays that pass the UltraCleanVeto event selec-
tion, while in the right panel, we show that this effect
is more extreme for gamma rays that pass the Source,
but not the UltraCleanVeto event classes. This indi-
cates that the spectral feature is likely due to differences
in the cosmic-ray rejection (or cosmic-ray energy recon-
struction) between events observed near ¢ = 0 and events
observed elsewhere in instrumental coordinates.

We note that this spectral feature could contribute to
the observed solar gamma-ray spectrum at 5-15 GeV,
shown in Figure 1. In particular, there are hints of a rise

16

in the observed solar gamma-ray spectrum between 5-
8 GeV. However, we do not see any evidence in Figure A 5
for a statistically significant spectral change between 30—
50 GeV for photons observed near ¢ = 0. Because the
photon count is equivalent in both datasets, we note that
spectral changes should appear as changes in the gamma-
ray ratio between selection cuts, rather than in the overall
normalization of this selection ratio.

One potential explanation for the peculiar spectrum of
gamma rays observed near ¢ = 0 is the influence of the
Sun itself. This would be a particularly concerning pos-
sibility, as it would have an even more acute effect on our
solar analysis compared to ¢ = 0 events, many of which
are not located near the Sun. While the mechanism for
such an effect is not known, the influence of solar radia-
tion may potentially affect the performance of the Fermi-
LAT. In Figure A 6 (left), we test this possibility by com-
paring the spectrum of photons observed between 5-15°
from the contemporaneous solar position with photons
observed more than 90° from the solar position, finding
no statistically significant evidence for such an effect. We
note that this observation tightly constrains the system-
atic shown in Figure A 5, because many photons located
between 5-15° from the Sun have rather small ¢ values.
Thus the systematic effect is strongly peaked only toward
events with ¢ < 3°.

Additionally, in the center panel of Figure A 6, we ex-
amine the distribution of events recorded near ¢ = 180°,
finding a similar spectral feature at ~10 GeV. Because
¢ = 180° events tend to point away from the contempo-
raneous solar position, but also are observed in an orien-
tation normal to the solar panel plane, this implies that
the systematic issue may appear in certain locations of
instrumental ¢-space. Finally (right), we test photons
recorded near ¢ = 135°, which occupies a corner of the
Fermi-LAT. We do not find the same systematic issue,
but do observe a small dip in the gamma-ray spectrum
between 10-25 GeV with an amplitude of ~5%.

The conclusion of this analysis is uncertain. There
does appear to be a statistically significant effect, with an
amplitude of nearly 20%, affecting the reconstruction of
Source class (but not UltraCleanVeto class) events near
¢ = 0. The fact that this event disappears at angles
between 5°-15° from the Sun, suggests that this effect
disappears very rapidly for larger values of ¢. While this
effect may influence our Solar spectrum near an energy of
10 GeV (where a similar feature is observed), there does
not appear to be any lingering effect between 30-50 GeV.
Moreover, the amplitude of this effect is insufficient to ex-
plain the much larger spectral dip observed in our data.
While more analysis is necessary to understand this ef-
fect — at present we find no indication that it explains
the observed data. In the next section, we verify this
result by re-running our analysis technique on the Ultr-
aCleanVeto event class, which shows no evidence for any
peculiar ¢-dependent effects.
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FIG. A7. The gamma-ray spectrum obtained from analyzing
only photons which belong to the more stringent UltraClean-
Veto event class, which signifies a high-level of confidence that
these events are not contaminated by charged cosmic rays.
We stack all events observed while the Sun was located at a
latitude |b| > 5°, in order to maintain comparable statistics
to the Source event class utilized in the main text. We see
similar evidence for the continuation of the spectral dip from
~30-50 GeV, indicating that the misidentification of charged
cosmic rays is unlikely to be responsible for the dip. The same
analysis, but for Source event class, is shown for comparison.

3. Analysis of UltraCleanVeto Events

In the last subsection, we showed that a systematic
spectral feature appears to be induced for events near
10 GeV in the Source event class, but does not appear
to be present in events which pass the more stringent Ul-
traCleanVeto event reconstruction. Here, we re-run our
analysis on events that pass the more stringent Ultra-
CleanVeto cuts. This decreases the size of our statistical
sample, but likely removes any remaining effects due to
cosmic-ray misidentification.

In Figure A7 we show the resulting gamma-ray spec-
trum, utilizing the full angular ROI (|b| >5°) with solar
flare cuts implemented. In order to minimize cosmic-
ray background, we repeat the same analysis routine, re-
stricting our analysis to photons which pass the Ultra-
CleanVeto analysis cuts. This event class places a signif-
icantly more stringent rejection cut on possible charged
cosmic-ray contamination, compared to the Source Event
class utilized in the main text — but does so at the cost
of a 20-30% rejection of gamma-ray events. This lat-
ter effect can be accounted for in the re-calculation of
the instrumental effective area. Our analysis shows that
the spectral dip remains a resilient feature in this event
class, providing strong evidence that charged cosmic-rays
events are unlikely to be responsible for the gamma-ray
spectral dip.
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FIG. A 8. The gamma-ray spectrum obtained utilizing source
Class photons observed at angular distances between 1°-3°
from the contemporaneous solar position. This emission is
dominated by a combination of solar IC events, and back-
ground diffuse emission sources, and is not expected to pro-
duce observable spectral features at either 10 GeV or between
30-50 GeV. We clearly observe the 10 GeV spectral feature
observed in Figures A 5, providing further evidence that this
effect is systematic, while we observe no similar systematic
feature between 30-50 GeV.

4. Analysis of Events Immediately Outside of the
Solar Disk

Thus far, we have found a significant systematic ar-
tifact in the reconstruction of Fermi-LAT events near
¢ = 0, which affects photons near 10 GeV, but does not
affect events near the 30-50 GeV dip. Here, we produce
another test, by calculating the spectrum of gamma-rays
observed immediately outside of the solar disk. In partic-
ular, we analyze the gamma-ray spectrum in an annulus
between 1°-3° from the center of the Sun. This lies out-
side the Fermi-LAT PSF for all but the lowest energy
gamma-rays, and is thus relatively free of contamination
from the solar disk. Instead, these gamma-rays are ex-
pected to be produced by a combination of solar IC emis-
sion and diffuse background sources. Thus, this emission
would not be expected to show any matching spectral
features at either 10 GeV or between 30-50 GeV.

In Figure A 8 we show the resulting gamma-ray spec-
trum between 1°-3° from the solar center, using Source
class photons over the full 9 yr exposure. We find clear
evidence for the ~10 GeV spectral feature found in Fig-
ure A 5, providing additional evidence for its systematic
origin. On the other hand, we find no evidence of a 30—
50 GeV spectral dip in this spectrum. The statistical
sample of these events is large enough that the observed
emission is statistically inconsistent with the spectral dip
observed across the solar disk. This implies that if the
30-50 GeV spectral dip is a systematic feature, the ef-
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FIG. A9. The gamma-ray spectrum obtained from events
recorded with a zenith angle exceeding 110°, which have
a high likelihood of being produced by the bright Earth-
limb. The events are divided into |¢| < 3° (green) and
|¢| > 3° (blue, arbitrarily normalized for comparison). The
spectrum of events near ¢ = 0 is found to be slightly softer
than the spectrum of more distant events, possibly due to
differences in the instrumental pointing towards the Earth-
plane. However, no evidence for a spectral feature is found
between 30-50 GeV in either dataset.

fect is confined to within 1° of the solar position, which
we believe to be unlikely. Thus, this argues against a
systematic origin for the 30-50 GeV feature.

5. Analysis of the Earth Limb

The brightest ~-ray source observable by the Fermi-
LAT is the Earth limb, which produces gamma-ray emis-
sion through the interaction of cosmic-rays with the solar
atmosphere. Because this emission source is known to be
hadronic and feature-less, it serves as an optimal test lo-
cation for instrumental artifacts. In this section, we com-
pare the spectrum of Earth-limb events (those recorded
with zenith angles exceeding 110°) from |¢| < 3° with
events at larger azimuthal angles |¢| > 3°.

In Figure A9, we show the results of this analysis,
which provides no evidence for a spectral feature be-
tween 30-50 GeV in either dataset. We do note a slight
(but highly statistically significant) spectral softening in
the |¢| < 3° data below ~10 GeV, compared to back-
ground events. This spectral feature may result from the
different exposure of ¢ = 0 events towards the Earths
surface, stemming from the preferred orientation of the
solar panels towards the Sun. While we are unable to
conclusively test this hypothesis, we stress that this fea-
ture is extremely smooth, most prominent at relatively
low energies, and does not have an amplitude capable of
significantly affecting the measurements presented in the
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main text.

6. Discussion

In this section, we have discussed both systematic is-
sues relating to the instrumental effective area of Fermi-
LAT events recorded near the solar position, as well as
systematic issues relating to the data-analysis procedure
utilized in the text. While we have found a peculiar sys-
tematic issue involving events recorded near ¢ = 0° and
near an energy of 10 GeV, we have found no plausible
systematic issue which might produce a dip in the solar
gamma-ray spectrum in the 30-50 GeV energy range un-
der investigation. In addition, we do not detect any 30—
50 GeV dip in photons recorded very close to the contem-
poraneous solar position. We stress that the results here
do not conclusively rule out the possibility that a system-
atic issue produces the peculiar 30-50 GeV spectral dip,
as we are unable to adequately account for the extremely
unique role of the Sun in both the coordinate system and
the operation of the Fermi-LAT. Further studies are nec-
essary on an event-reconstruction level in order to verify
the presence and characteristics of the 30-50 GeV spec-
tral feature.

Appendix C: Statistical significance of the dip

In this section, we describe our calculation for the sig-
nificance of the spectral dip between 30-50 GeV.

We first consider the case of the total flux (Figure 3
and Figure 4), using the 9-year averaged flux with the
6 < 0.5° and |b] > 5° selection as an example. For
this data set, we only consider events E, > 10GeV, as
point-spread-function effect causes the spectrum to de-
part from the power-law behavior at low energies. This
choice is conservative. To estimate the effect of adding
the low energy information, we also consider the 8 < 1.0°
selection with photons £, > 1 GeV, where the power-law
behavior is restored, with is also a reasonably approxi-
mation to the SA~ flux.

In each case, we first fit the data with a broken power-
law plus a negative Gaussian line to approximate the dip
feature (BPL w/ line). Because the energy, amplitude
and width of the line is allowed to vary, the negative
Gaussian completely absorbs the two points belonging
to the spectral dip, yielding x2 values of nearly zero for
the two dip points. Next, we compute the x? using the
obtained power-law parameters, but without the negative
line (BPL w/o line). The significance of the line can be
obtained by the difference in the x? value.

In this case, Ax? = 36.3 and 40.3 for the # < 0.5° and
f < 1.0° selection, respectively. The local significance
of the dip can then be obtained by using the x? distri-
bution of two degrees of freedom (width and normaliza-
tion of the line), which are 5.70 and 6.00 for these two
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FIG. A10. Left: The 9-year averaged total flux (6 < 0.5°, |b] > 5°), and fits using a broken power-law with a negative

line (BPL-line). The dashed line (BPL w/o line) is the is the broken power law component in BPL-line. The solid grey line
just fitting the data with a broken power law (BPL). Middle: Same as left, but for § < 1.0° and considering only above 10 GeV.

Right: Same as the left, but for the solar minimum SA~ flux.
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FIG. A 11. The injected (black) and reconstructed (green) energy spectrum for an dN/dE «E~2 gamma-ray emission spectrum
with “holes” centered at 40 GeV with depths and widths of 100%, 10 GeV (left), 50% and 20 GeV (center) and 25% and
40 GeV (right), respectively. The binned-version of the reconstructed energy is shown in blue, with error bars corresponding
to the 1o fluctuations expected in each bin for a single realization of the data. We find that the observed spectral dip in the
Fermi data is not more narrow than the instrumental energy-dispersion, and is best fit by a feature where approximately 50%
of photons are removed over an energy range of approximately 20 GeV (center panel).

cases. The global significance can be obtained by consid-
ering three degrees of freedom (including the energy of
the dip), which are 5.40 and 5.70, respectively. For the
solar minimum SA~ flux (Figure 5), we apply the same
procedure to the full spectrum above 1 GeV, and obtain
Ax? = 75.5, which corresponds to local (global) signifi-
cance of 8.40 (8.20). These fits are shown in Figure A 10.
In the main text, we quote the local significance of the

dip with this procedure, with the total flux using the
6 < 0.5° and E, > 10 GeV selection.

However, this definition of the significance is not
unique. We can alternatively compare the BPL w/ line
x? with the best-fitting broken power-law (BPL), which
is fit to data that includes the dip points. In this case, the
best-fit broken power-law adjusts to fit the dip points,
reducing the local (global) significance of the dip to
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FIG. A 12. Distributions of Solar (green) and background (blue) events, observed with recorded energies between 50-100 GeV
and during the period after solar minimum (top, after 2010-01-21), or before solar minimum (bottom, before 2010-01-21).
Events are analyzed in three parameter spaces that might differentiate neutron and gamma-ray emission signals: (Left) The
distribution of the first tracker layer (1-17) registering a signal during the event. (Center) The reconstructed probability that
the event may be cosmic ray contamination (1-the gamma-ray probability, x-axis), compared to the same probability, but
calculated without using information from the anti-Coincidence detector. (Right) The recorded gamma-ray energy (x-axis),
compared to the raw energy deposited in the calorimeter. We discuss the potential for each quantity to differentiate neutrons
from gamma rays in the main text, but find no evidence here for any significant differences between these distributions.

3.10 (2.70) for the < 0.5° 9-year total flux, 2.60 (2.30)
for the 6 < 1.0° 9-year total flux, and 5.90 (5.60) for
the solar minimum SA-~y flux. Intriguingly, the drop in
the significance of the 9-year flux is significantly larger
than that for the solar minimum flux. This is due to the
fact that the hard solar minimum spectrum prevents the
broken-power law from falling quickly near the position
of the dip in order to account for the dip points. On the
other hand, the 9-year averaged spectrum is softer, allow-
ing the best-fit broken power law to more easily adjust
to accommodate the dip.

Appendix D: The Width of the Spectral Dip
Compared to the Instrumental Energy Dispersion

In the previous section, we have shown that the dip is
a statistically significant feature. We now verify that the

dip spectrum is not unphysically steep, given the finite
energy-resolution of the Fermi-LAT. This is an important
diagnostic test, as an extremely steep energy-spectrum
would provide a clear indication of instrumental system-
atic effects. In fact, such a diagnostic was employed in
searches of the 130 GeV gamma-ray line to argue for a
systematic origin of the line, as the line-feature was more
narrow than could be explained by the Fermi-LAT energy
dispersion [60].

In Figure A 11, we produce three models of a two com-
ponent solar gamma-ray emission spectrum. The first
component is a simple dN/dE o« E~2 spectrum span-
ning from 0.1-300 GeV. We then modify this spectrum
by placing a “hole” in the gamma-ray emission centered
at an energy of 40 GeV. We test three different combina-
tions of hole widths and depths, including a 10 GeV range
with 100% of the total gamma-ray emission removed, a
20 GeV range with 50% of the total gamma-ray emission



removed, and a 40 GeV range with 25% of the gamma-ray
emission removed. In each case, we smear the injected
spectrum by the Fermi-LAT energy dispersion on a pho-
ton by photon basis, utilizing distributions in both 6 and
instrumental energy-dispersion class that are identical to
the photons recorded in our main analysis. This allows
us to recover the parameters of the observed spectral dip
and compare with our observations. We repeat this pro-
cess several hundred times to build up a large statistical
sample of possible dip configurations, and show the av-
erage results.

We note two important results. First, our steepest dip
(10 GeV range with 100% of the injected emission re-
moved), produces an observed spectral feature which is
both sharper and deeper than Fermi-LAT observations.
This indicates that the dip is not physically impossi-
ble, given the finite accuracy of Fermi-LAT energy re-
constructions. Second, we note that the dip is best fit
not by an emission component which blocks 100% of the
emission in a given energy range, but instead by a com-
ponent that includes approximately a 50% inhibition of
gamma-ray emission in a certain energy range, and which
effects solar photons over an energy range of ~20 GeV.

Appendix E: Examining Event-Level Photon Quality
Near the Spectral Dip

In Section VI A 3, we discussed the possibility that the
observed spectral-dip may be due to a contamination
of the gamma-ray spectrum by solar neutrons produced
in the same hadronic interactions that produce the ob-
served gamma-ray emission. Because neutrons undergo
hadronic interactions within the Fermi-LAT detector, the
energy-reconstruction of these events may be inaccurate,
potentially producing unexpected spectral features.

We note that this possibility could be directly tested by
comparing the shower reconstruction of events near the
position of the 30-50 GeV spectral dip. Unfortunately,
the full event-level shower reconstruction information is
not publicly available to those outside the Fermi-LAT
collaboration. We note that the re-emergence of the so-
lar spectrum above 50 GeV stands as the most puzzling
portion of the solar spectrum, as the sharp falloff near
30 GeV could otherwise be interpreted as as a simple ex-
ponential suppression, as predicted in the SSG1991 mech-
anism. In this scenario, the emission above 50 GeV would
be produced predominantly by neutrons with inaccurate
energy reconstructions.

In this section, we instead examine several event-level
qualities that may be correlated with hadronic interac-
tions within the Fermi-LAT detector. However, we stress
here that these qualities are “black boxes”, and we have
no pure neutron source to examine in order to determine
whether any of these qualities would, in fact, provide rea-
sonable neutron/gamma-ray separation.

In Figure A 12, we examine events with energies be-
tween 50-100 GeV, that were recorded after the end of
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FIG. A13. The observed 9-year SAvy spectrum compared

with gamma-ray spectra produced by proton-proton inter-
action with various proton spectra. We consider a smooth
E; 22 spectrum (no gap), and protons spectra that have an
infinite gap in 200-300 GeV, 200—-600 GeV, and 150-800 GeV.
The dashed curves show the low- and high-energy compo-
nent separately for the 150-800 GeV case. We find that it is
difficult to produce the observed sharp dip with two proton
spectra.

solar minimum (after 2010-01-21). The second cut en-
sures that no high-energy gamma-rays (observed primar-
ily during solar minimum) were likely to be present in
the event analysis. We cut our photon selection between
Solar Disk events, recorded within 0.75° of the contempo-
raneous solar position, and background events, recorded
between 0.75° and 5° from the Sun. Because these back-
ground events were recorded relatively close to the solar
position (but were not produced by the solar disk itself),
they will have similar distributions in Fermi-LAT instru-
mental coordinates, implying that their event reconstruc-
tions should be similar.

For each set of events, we examine three possible
parameter spaces that might differentiate neutron and
gamma-ray interactions within the Fermi-LAT detector.
The first (left) is the parameter TkrlFirstLayer, which
specifies the first silicon layer to record the observed
event. Because neutron interaction length is much longer
than the gamma-ray radiation length in Tungsten, we
would expect the majority of neutron events to be ob-
served predominantly in the final layers of the Fermi-
LAT instrument. The second (center) is a comparison of
the parameters WP8CTAIIProb and WP8CTCalTkProb,
which compare the probability of cosmic-ray contami-
nation using, or ignoring, information from the Anti-
Coincidence detector, respectively. Because the anti-



Coincidence detector is the primary rejection technique
for charged cosmic-rays, but is unlikely to be triggered
by neutrons, we might expect neutron events to have ab-
normally large cosmic-ray probabilities when information
from the Anti-Coincidence detector is ignored. The third
(right) is a comparison of the reconstructed energy of the
event, compared to the parameter CalEnergyRaw, which
denotes the energy deposited in the calorimeter. We may
expect any event (neutron or gamma-ray) that has an
overestimated energy, to have abnormally large varia-
tions between the recorded and reconstructed gamma-ray
energies.

However, for each test, we find no statistically signif-
icant difference between source and background events,
indicating that there are no obvious differences between
solar disk events and nearby background regions. How-
ever, we again caution the reader that these tests do not
definitively rule out the neutron hypothesis, as we can-
not calculate the sensitivity of any of these tests to a true
neutron signal.

Appendix F: Testing dip from modified proton
spectrum

In this section, we consider the possibility that the
observed gamma-ray dip between 30-50 GeV is produced
by two different proton spectra via hadronic interactions.
We consider various configurations of proton spectrum
that may produce the gamma-ray spectrum, with the
proton-proton [61] interaction optimistically set in the
thin regime (interaction length < 1).

Ignoring the dip, the gamma-ray spectrum below
100 GeV is roughly E %2, which can be obtained by
a input proton spectrum EP’Z'Q. This is shown by the
black line in Figure A 13 (no gap). To test the two
component hypothesis, we artificially make a infinite-
deep gap in the E, > proton spectrum. The proton gap
thus mimics a rapid decay and a rapid rise for the low-
and high-energy proton component, respectively. The
resultant spectra, corresponding to proton gaps in 200—
300 GeV, 200-600 GeV, and 150-800 GeV, are shown in
Figure A13. We find that in all cases, the dip in the
computed spectra are too shallow and wide to explain
the observed dip feature. This is because the E,-to-E,
kernel (i.e. gamma-ray spectrum per proton), which is
peaked near E., ~ 0.1 E,, is far too wide (see, e.g., [61]),
making the high-energy component rises slowly.

We also test the case that the high-energy proton spec-
trum has a harder spectral index. However, we find that
the changing the proton shape cannot make gamma-ray
dip sharper. This is because the gamma-ray spectral
shape just below the cutoff only depends on the shape
of E,-to-E, kernel, not the shape of proton spectrum.

Lastly, we note that E,-to-E., kernel can be sharper if
only contributions from a small forward cone is consid-
ered. This is because the low energy gamma rays mostly
emitted at larger emission angle. However, it is not clear
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how such a configuration are achieved in a realistic solar
atmospheric environment.

From these studies, we find that it is difficult to pro-
duce the depth and the width of the observed gamma-ray
dip using two different populations of proton, unless tak-
ing extreme kinematic regime.

Appendix G: Time variations

In the main text, we calculated the time variation of
the SAvy flux, using only data with |b] >30° and two
logarithmic energy bins per decade, in order to present
the main result with minimal statistical fluctuations. In
Figure A 14, we show the same result, instead using four
logarithmic bins per decade, and additionally showing
the raw (not background subtracted) results for data in
both the latitude range |b| >30° and |b|] >5°. These
latter datasets have fewer systematic assumptions (be-
cause no modeling is done to remove either diffuse or
IC gamma-rays), but show variations with smaller am-
plitudes (because these background sources are in steady
state).



1.0-1.8GeV
2.00[~ ‘ ‘ ‘ ‘ 2.00
1.75 100 1.75
1.50 - 1.50 -
X 80 g x g
=1.25 =1.25
3 S 3 5
N1.00 802 Nioo z
© 8 © 8
E0.75 40 2 E 075 @
=} =l =} =)
< %) z %)
0.50| / 0.50
/W SAyflux 20
0.25 _“ A Total (30° > |b|>5) 0.25
e ® Total (|b|>5°) ---- Sunspot number
0.00- | | | | | 110 0.00
: © O O O AP WF WO WO N : © O O O P ad WO WO O
A® AYTADT AP AN AR AR AT 4> AT AL AN L ADT AT 4D AN AT
& W W W W W O ARSI N P N
A Y Y Y Y QT @ A Y Y T Y QT @
3.2-5.6GeV 5.6—10.0GeV
2.00[7 T T T T T T T T 2.00
1.75 1.75
1.50 _ 1.50 .
X 3 3 3
=1.25 =1.25
o E 3 £
o =4 o =4
Ni00 = 2100 o
© 8 © 8
£ 0.75 a £ 0.75 a
=} 3 o} 3
z %) z %)
0.50 0.50
0.25 0.25
0.00 0.00
O O O O P W& WO WO N O O O O P WX WO W6 N
/'\\Q /’\\\' /,\\\« /’\\\’ /’\\\' /’\\\' \\' \\« © /’\\‘» /'\\Q /,\\'\« //\\'» //\\'\I /,\\\« /,\\\« //\\'\/ /,\\\* & ¢
@ O N D WX W9 & O NN W WO
o @ & N T T D T ¥ @ T T T N T
10.0-17.8GeV 17.8-31.6GeV
2.5 T T T T T T T T 2.5 T T T T T T T T
100 \\\ —100
2.0f 2.0
— \\ —
3 -80 g E \ -80 8
= =
S15F £ 515 £
8 60 f 8 60 f
E s 3 L L g
1.0M ’ 1. -
ELo | - a0 2 £10 'T 40 2
z a R a = R a
/ > ’
0.5\ 120 051 2
0.0 T/ 1 1 1 1 1 1 1 140 0.0 T, 1 1 140
' O N ‘z > D ") © A ' O N ) %l D ) A
A® ,\\\/ ADT ADT ADT AT AR AN 40 A® ,\\\, A ,\\’\, ,\\\, A \'\’ \'\’ «\\\’ A
& & W G & O & N W G
o o & & & Y o o & o & & Y
31.6-56.2GeV 56.2—100.0GeV
3.0 T T 3.0 T T T
55k {100 55l S 100
// h .\ - / ~ o
S0t 80 8 F,04 8 2
= / N = A
3 / 5 = £
Noist i \ A 60 E Nqs5H 60 E
: / b\ Ao & £ T :
» N 0 )
sl q 40 2 = 40 2
S1.0 - S1.0 .
= / > ; & 2 2
05 -20 0.5— 20
0.0 ) | | | | | 140 0.0 140
‘ 9 O N > 5 O A ‘ o O > 9 o A
A A AP AT AP 40T AP A AT A® «\” «\” '\\” ,«” AT AP A AW
& W N W WY WY WO S SRR VO, P N N~
QY o T T DT N T QS o T T T T T

23

FIG. A14. The time variation of the SAy flux and the total flux, in 4 logarithmic bins per decade. The time variation and the
anticorrelation with solar activity can be clearly seen between 1-10 GeV. For comparison, we also show the time variation by the
independent total flux with latitude cut 5° < |b| < 30° (red points) and the combined total flux (|| > 5°). The amplitude of the
variation for the total flux is reduced between 1-3 GeV due to contamination from time-independent backgrounds. Otherwise,
the total flux is in good agreement with our default SA~ analysis.
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