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Related works
• Gamma-ray analysis

– KCYN, Beacom, Peter, Rott, 1508.06276 PRD
– Linden, Zhou, Beacom, Peter, KCYN, Tang, 1803.05436 PRL
– Tang, KCYN, Linden, Zhou, Beacom, Peter, 1804.06846 PRD
– HAWC col. + KCYN, 1808.05620 PRD

• Dark Matter
– Leane, KCYN, Beacom, 1703.04629 PRD
– HAWC col. + KCYN, 1808.05624 PRD

• Solar atmospheric neutrinos
– KCYN, Beacom, Peter, Rott, 1703.10280 PRD

• Solar gamma-ray estimations
– Zhou, KCYN, Beacom, Peter 1612.02420 PRD

• 2020 Science White paper
• The Sun at GeV-TeV Energies: A New Laboratory for Astroparticle Physics

– Nisa, Beacom, BenZvi, Leane, Linden, KCYN, Peter, Zhou 1903.06349
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Sun – Cosmic-Ray Beam Dump

CR protons
Hadronic !
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CR electrons
Inverse-Compton

!

#±, %±, n

! Transient, soft

Continuous

Continuous

Seckel, Stanev, Gaisser (1991)
Zhou, KCYN, Beacom, Peter 
PRD 2017

Moskalenko, Porter, Digel 2006
Orlando, Strong 2007



Solar atmospheric gamma rays
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Limb contribution

0.1%

Zhou, KCYN, Beacom, Peter PRD 2017

!



Solar atmospheric gamma rays
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Limb contribution

Theoretical Max from CR

0.1%

100 % CR

Zhou, KCYN, Beacom, Peter PRD 2017

!
Reality
- Solar B-field
- Solar Modulation

Seckel, Stanev, Gaisser (1991) ~ 1 %?

!
!



The overall picture
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SSG Model
Extended

~ 1 %



Fermi Detection (18 months)
• First detection was EGRET (Orlando, Strong 2008)
• Model prediction too small 
• Satisfy cosmic-ray bound   ßà CR model with large B-field 

enhancement
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(1104.2093)

SSG Model
Extended

~ 1 %



Observation: 9-year averaged spectrum

• 2008 – 2017 (9 years)
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SSG Model

Extended

KCYN, Beacom, Peter, Rott PRD 2016

Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018



Observation: 9-year averaged spectrum

• 2008 – 2017 (9 years)
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SSG Model

Extended

KCYN, Beacom, Peter, Rott PRD 2016

Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018



Time variation
• Clear anticorrelation with solar activity from 1-10 GeV
• Less clear in 10-100 GeV (less variation or insufficient statistics)
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KCYN, Beacom, Peter, Rott PRD 2016
Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018

C. Consolandi CRD8c

Small modulation amplitude
-> extra modulation needed near the Sun



Observation: 9-year averaged spectrum
• Aug 2008 – Jan 2010 (solar min. 76 weeks)
• 2008 – 2017 (9 years)
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Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018

SSG Model
Extended



High energy photon/Time variation, 
Surprise (1)

• >100 GeV events
• 6 events from AUG 2008 to Jan 2010 (quiet Sun)
• 0 events for the next 7.8 years (active Sun) …….. +1 Feb 2018 !
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Linden, Zhou, Beacom, Peter, KCYN, Tang
PRL 2018
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FIG. 1. (Top) The solar disk �-ray spectrum during solar minimum
(before January 1, 2010, blue circles) and after (red squares). Small
shifts along the x-axis improve readability. The gray lines show the
SSG model renormalized by a factor of six to fit the lowest-energy
datapoint (solid), and the maximum �-ray flux that could be pro-
duced by hadronic cosmic rays (dashed). (Bottom) The ratio of the
�-ray flux observed in periods during and after solar minimum.

single effective exposure over the full ROI in each time-bin,
and bin the exposure into 32 logarithmic energy bins spanning
10 GeV to 1 TeV. Because the Sun occupies a unique position
in instrumental �-space, we calculate exposures obtained by
utilizing 10 independent �-bins. In Appendix B, we show
that the instrumental �-dependence does not affect our results.

Flux, Spectrum and Time Variation.—In Figure 1, we show
the solar �-ray flux before and after January 1, 2010, which
roughly corresponds to the end of the Cycle 24 solar mini-
mum. We note three key results.

• The �-ray flux significantly exceeds the SSG prediction
(based on a proton interaction probability of 0.5%), in
fact approaching the maximum allowed solar disk flux
(for a detailed calculation, see Appendix E).

• The 30–50 GeV spectral dip, which we will carefully
examine in Ref. [17], is statistically significant both
during and after solar minimum, though there is some
evidence (2.5�) that the dip deepens at solar minimum.
Aside from the dip, the spectra in both time periods are
significantly harder than predicted by SSG.

• The strongest time variation is observed between solar
minimum (largest flux), and the remaining solar cycle.
At low energies this variation is moderate [13, 14, 17].
However, the amplitude increases with energy above
50 GeV, reaching a factor �10 above 100 GeV.

None of these observations were anticipated by theory.

Morphology.—The large �-ray flux suggests that a large frac-
tion of the solar surface participates in the �-ray emission pro-
cess. To further elucidate the �-ray generation mechanism(s),
we resolve the �-ray morphology across the solar surface.
This reconstruction is possible at high (&10 GeV) energies
due to the excellent (⇠0.1�) Fermi angular resolution.

In Figure 2, we show the observed position of �-rays in our
analysis, dividing the data into two temporal bins (before and
after January 1, 2010; corresponding to the end of the solar
minimum), and two energy bins (below and above 50 GeV;
corresponding to the spectral dip discussed in Ref. [17]). Sur-
prisingly, we find that, contrary to the SSG model, the emis-
sion is neither isotropic nor time-invariant. Instead, it includes
distinct polar and equatorial components, with separate time
and energy dependences. In particular, it is visually apparent
that �-rays above 50 GeV are predominantly emitted near the
solar equatorial plane during solar minimum, but are emitted
from polar regions during the remaining solar cycle.

We utilize two separate methods to quantify the significance
of this morphological shift. The first employs a Kolmogorov-
Smirnov test to differentiate the distribution of �-rays in ob-
served helioprojective latitude (|T

y

|) during and after solar
minimum. This provides a model independent method of
comparing the data, but loses sensitivity to convolving fac-
tors such as the instrumental PSF. Below 50 GeV, we find that
the event morphology is consistent to within 1.1�. However,
above 50 GeV, we reject the hypothesis that the event mor-
phologies during and after solar minimum are equivalent at
2.8�. Because this method has few trials, it provides reason-
able evidence for a morphological shift.

Second, we define a two-component model of the solar sur-
face, with equal-area equatorial and polar emission compo-
nents (divided at T

y

= ±0.108�). We fit the flux from each
component, utilizing the angular reconstruction of each ob-
served �-ray (see Appendix F). This correctly accounts for the
PSF, but provides results that depend on the assumed emission
model. In Appendix G we show that different models produce
similar results. This analysis provides two key results.

• At all energies, the �-ray emission becomes more polar
after solar minimum. However, the amplitude of this
shift increases significantly at high energies.

• The morphological shift is produced by a significant de-
crease in the equatorial flux after solar minimum, while
the polar flux remains relatively constant.

In Figure 2, we also plot the polar and equatorial spectra
during and after solar minimum. We find that while the am-
plitude and spectrum of the polar component remains rela-
tively constant, the equatorial spectrum softens substantially
after solar minimum. This significantly decreases the high-
energy equatorial flux after solar minimum, despite the simi-
lar normalization of the equatorial component at low energies.
Intriguingly, the equatorial �-ray spectrum during solar mini-
mum is extremely hard, and is consistent with dN/dE⇠E�2 up
to energies significantly exceeding 100 GeV. We note that we
have combined high-energy spectral bins during solar mini-
mum to provide sufficient statistics.

The high-energy photon production are very sensitive to the solar condition
Effect stronger than at lower energies!



Spectrum, surprise (2)
• Hard spectrum till ~100 GeV
– Magnetic enhancement works for protons ~ TeV
– Enhancement increasingly efficient! Close to upper bound at HE
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Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018

FLUX(E)   ∝ "## × Φ# & × ' (&)
~&+,.. ~&/0.1~&+,., ~&+0



Morphology, surprise (3)

• High Energy Bin
– (> 50 GeV)
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FIG. 2. (Top) The location and energy of solar �-rays in Helioprojective coordinates. Data are cut into two temporal bins and two energy bins.
The solar disk is represented by the solid circle, and the 0.5� ROI by the dashed circle. The average PSF of observed �-rays is depicted in the
top left. The Ty positions of photons are shown in the histogram, and are compared to the profile expected from isotropic emission smeared by
the PSF (orange line). The area of event points corresponds to the relative effective area in data taken during (after) solar minimum. In each
bin, we report the flux from the modeled polar and equatorial components, as described in the text. (Bottom) The energy spectrum of polar and
equatorial emission, divided into regions during (left) and after (right) solar minimum. The polar emission is approximately constant, while
the equatorial emission decreases drastically at the end of solar minimum.

Linden, Zhou, Beacom, Peter, KCYN, Tang
PRL 2018



Spectrum, surprise (4)
• Strange “dip” between 30-50 GeV

– Naively, two components, but not easy
– No obvious instrumental explanation
– Seems shallower outside solar minimum
– Statistical fluke? Time-dependent feature/systematics? Will know soon
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SSG Model
Extended

Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018



Spectrum, surprise (4)
• Observations of the Sun in GeV Gamma Rays by CALET on the ISS
• Nicholas Cannady, APS April Meeting 2019

– 3 years
– Consistent with hard spectrum
– 3 photons above 10GeV, 1 at 30-50GeV ?!
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SSG Model
Extended

Tang, KCYN, Linden, Zhou, Beacom, Peter PRD 2018



Solar Gamma Spectrum

31st July 2019 Kenny C.Y. NG, ICRC 2019 17

TeV?



HAWC analysis of the Sun (2014-2017)

• Constrain ~10% of CR upper bound (active phase)
• Exciting prospect for current solar min (2018 -)
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HAWC 1808.05620
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FIG. 2. Left: Observed Sun shadow, described by Eq. (6), at median energies of 1.36, 4.2 and 17.2 TeV. The 1� width of
the shadow is 1.3�, 0.9� and 0.7� at the respective energies. Center: Same maps with gamma-hadron cuts applied: Eq. (7).
Right: The simulated Sun maps for the maximum expected flux from cosmic-ray interactions in the solar atmosphere. The
black cross marks the position of the Sun.

HAWC 2018

Solar min
1901.04201



First HAWC analysis of the Sun (2014-2017)

• Constrain ~10% of CR upper bound (active phase)

• Exciting prospect for current solar min (2018 -)
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HAWC 1808.05620
in PRD
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FIG. 2. Left: Observed Sun shadow, described by Eq. (6), at median energies of 1.36, 4.2 and 17.2 TeV. The 1� width of
the shadow is 1.3�, 0.9� and 0.7� at the respective energies. Center: Same maps with gamma-hadron cuts applied: Eq. (7).
Right: The simulated Sun maps for the maximum expected flux from cosmic-ray interactions in the solar atmosphere. The
black cross marks the position of the Sun.

HAW
C 2018

Mehr Un Nisa CRI13c
Probing the Anomalous Flux of Very-high-energy 
Gamma rays from the Sun with HAWC 



The Sun as a TeV source?!
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HAWC 2018

Solar min
1901.04201



First Solar gamma simulation  w/ B-field
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PFSS model for “quiet” Sun

Zhe Li (IHEP)
SH5e: Estimation of Solar Disk Gamma-ray 
Emission Based on Geant4 



Summary
• Solar gamma rays 
– Complicated -> solar physics
– TeV (HAWC-operating, LHAASO-soon)
– CALET/ AMS?
– More time (solar minimum starting 2018)

• Solar atmospheric neutrinos 
– > TeV
– IceCube, KM3NeT (future)

• Anomalous Signals from the Sun -> New Physics!
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Thanks!



Finding the Sun with Fermi
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KCYN+ 2015

Photon map

Angular distribution
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FIG. 2. (Top) The location and energy of solar �-rays in Helioprojective coordinates. Data are cut into two temporal bins and two energy bins.
The solar disk is represented by the solid circle, and the 0.5� ROI by the dashed circle. The average PSF of observed �-rays is depicted in the
top left. The Ty positions of photons are shown in the histogram, and are compared to the profile expected from isotropic emission smeared by
the PSF (orange line). The area of event points corresponds to the relative effective area in data taken during (after) solar minimum. In each
bin, we report the flux from the modeled polar and equatorial components, as described in the text. (Bottom) The energy spectrum of polar and
equatorial emission, divided into regions during (left) and after (right) solar minimum. The polar emission is approximately constant, while
the equatorial emission decreases drastically at the end of solar minimum.

1803.05436



• Background distribution 
– Test for energy features
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HE Solar Messengers
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Gamma Rays Neutrinos (< TeV) Neutrinos (> TeV)

Cosmic rays +
Solar Atmosphere 

WIMP Dark Matter

Dark Matter +
Mediators

Maybe electrons/positrons or neutrons can also been seen from space?



Sun – Dark Matter detector
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Press, Spergel (1985)
Krauss, Freese, Press, Spergel (1985)
Silk, Olive, Srednicki (1985)
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Boost gamma-ray 
production

Seckel Stanev Gaisser 1991

• Follow the field line
• Gas-B-field pressure equilibrium
• Magnetic field gradient -> mirroring
• Trajectory -> interaction probability ->  ~ 1%



Sun shadow observations
• TeV cosmic-ray Sun shadows (near Sun-

trajectory)
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ICRR, Tibet AS-gamma PRL 
2013


