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Figure 1. Count maps for events !100 MeV taken between 2008 August and 2010 February and centered on the Sun (left) and on the trailing source (so-called
fake-Sun, right) representing the background. The ROI has θ = 20◦ radius and pixel size 0.◦25 × 0.◦25. The color bar shows the number of counts per pixel.
(A color version of this figure is available in the online journal.)

Figure 2. Integral intensity (!100 MeV) plot for the Sun-centered sample vs.
elongation angle, bin size: 0.◦25. The upper set of data (open symbols, blue)
represents the Sun, the lower set of data (filled symbols, red) represents the
“fake-Sun” background.
(A color version of this figure is available in the online journal.)

angle) and the fake-Sun positions for a bin size 0.◦25. While
for the solar-centered data set the integral intensity increases
considerably for small elongation angles, the averaged fake-
Sun profile is flat. The two distributions overlap at distances
larger than 20◦ where the signal significance is diminished. The
gradual increase in the integral intensity for θ ! 25◦ is due to
the bright Galactic plane broadened by the PSF, see the event
selection cuts summarized in Section 2 and Table 1.

The second method of evaluating the background uses an all-
sky simulation which takes into account a model of the diffuse
emission (including the Galactic and isotropic components,
gll_iem_v02.fits and isotropic_iem_v02.txt, correspondingly;
see footnote 54) and the sources from 1FGL Fermi-LAT
catalog (Abdo et al. 2010a). To the simulated sample we apply
the same set of cuts as applied to the real data and select
a subsample centered on the position of the real Sun. The
simulated background is then compared with the background
derived from a fit to the fake-Sun in the first method. Figure 3
shows the spectra of the background derived by the two methods.
The agreement between the two methods (and the spectrum of
the diffuse emission at medium and high latitudes (Abdo et al.

Figure 3. Reconstructed spectrum of the background for the fake-Sun method
(filled symbols, red) and for the simulated background sample (open symbols,
blue) averaged over a 20◦ radius around the position of the Sun.
(A color version of this figure is available in the online journal.)

2010c) not shown) is very good, showing that the background
estimation is well understood and that there is no unaccounted
or missing emission component in the analysis.

Finally, we check the spatial uniformity of the background
determined by the fake-Sun method. The ROI restricted by
θ " 20◦ was divided into nested rings. We use four annular
rings with radii θ = 10◦, 14◦, 17.◦3, and 20◦, which were
chosen to subtend approximately the same solid angle for each
ring, and hence should contain approximately equal numbers
of background photons if their distribution is spatially flat. The
ring-by-ring background intensity variations were found to be
less than 1%. Note that the background emission is considerably
more intense than the expected IC component (see Section 3.2),
and even small background variations across the ROI may affect
the analysis results. To minimize these systematic errors, we
therefore using the ring method for the background evaluation.

The evaluated spectrum of the background for θ " 20◦ was
fitted using the maximum likelihood method and the results
were used to derive the simulated average photon count per
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2 Elena Orlando and Andrew W. Strong: Solar gamma-ray emission

Fig. 1. Definition of variables for eq.(3) describing the geometry
of the solar inverse Compton emission.

taking into account the radial distribution of the photons propa-
gating outward from the Sun. Our elegant analytical formulation
has been replaced by a numerical solution depending on the an-
gle between the momenta of the cosmic ray electrons and the
incoming photons. As pointed out in Orlando & Strong (2007a)
this will affect the results at about the 10% level. Moreover,
while in our previous work we used the modulated cosmic-ray
electron spectrum as observed at earth, here a formulation of the
solar modulation as a function of the distance from the Sun has
been taking into account.

The gamma-ray intensity spectrum is:

I(Eγ) =
1
4π

∫

ε(Eγ)dx (1)

where the emissivity ε is given by:

ε(Eγ) =
∫

dEe ×

×

∫

σK−N(γ, Eph, Eγ) nph(Eph, r) c N(Ee, r) dEph (2)

N(Ee, r) is the electron density, with Ee electron energy,
nph(Eph, r) the solar photon density as function of the distance
from the Sun r and the solar photon field Eph, σ is the Klein-
Nishina cross section and γ = Ee/me. The cosmic-ray electrons
have been assumed isotropically distributed everywhere in the
heliosphere. In Orlando & Strong (2007a), an elegant analytical
formulation in eq (3) was obtained for the isotropic case, assum-
ing a simple inverse square law for the photon density for all
distances from the Sun and a cosmic ray electron spectrum con-
sidered constant for all distances and determined from experi-
mental data (see Fig.(4)) for 1 AU. In order to obtain the inverse
Compton radiation over a line of sight at an angle α from the
Sun, the photon field variation over the line of sight has to be
known. As shown in Fig.(1), for a given point x on the line of
sight, the surface photon density is proportional to 1/r2, where
r2 = x2 + d2 − 2 x d · cos α, with d distance from the Sun.
Integrating the photon density over the line of sight from x = 0
to x = ∞ one obtains:

nph(Eph) R2
∫ ∞

0

dx
x2 + d2 − 2 x d · cos α

=

= −nph(Eph) R2 arctan
(

d · cos α − x
d · sin α

)

/(d · sin α ) =

= nph(Eph) R2
(

π/2 + arctan(cot α)
d · sin α

)

(3)

which depends only on the angle α, where R is the solar radius
and nph(Eph) is the solar photon density. For large distance from
the source nph(Eph)=1/4 nBB(Eph), where nBB(Eph) is the black-
body density of the Sun. Integrating over solid angle and using
eq.(1) and eq.(2) with the Klein-Nishina cross section, the total
photon flux produced by inverse Compton scattering within an
angle α becomes:

I(Eγ) =
1
4π

∫ 2π

0
dϕ

∫ α

0
sin α dα

∫

dEph

×

∫

σK−N(γ, Eph, Eγ) c N(Ee) dEe nph(Eph) R2 ×
∫ ∞

0

dx
x2 + d2 − 2 x d · cos α

=

=
R2

16 d

(

πα + (π
2
)2 − arctan2 (cot α)

)

×

∫

dEph
∫

σKN c N(Ee) nBB(Eph) dEe (4)

which for small α is proportional to α/d and the intensity I
(per solid angle) is proportional to 1/(αd). For the case of the
anisotropic formulation of the Klein-Nishina cross section and
for the electron modulation along the line of sight, we have to
use numerical computations, already adopted in Orlando et al.
(2007).

2.1. Solar photon field

2.1.1. Basic relations

The Sun is treated as black body where the energy density
is characterized by the effective temperature on the surface
(T=5777 K) following the Stephan-Boltzmann equation. For the
photon density close to the Sun, the simple inverse square law is
inappropriate. In this work the emission from an extended source
has been evaluated. The distribution of photon density from the
Sun, as extended source, is given by integrating over the solid
angle with the variables shown in Fig.(2)

Fig. 2. Variables involved in eq.(7) for the calculation of the
photon density around the Sun, where R is the solar radius and r
is shown also in Fig. (1)

nph(Eph, r) = nBB(Eph)
∫ φMAX

0

2π R2 sin φ cos β dφ
4π s2
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Figure 6. Electron spectrum used in the models of the IC emission compared
with the data from Fermi-LAT (small red filled circles; Abdo et al. 2009b;
Ackermann et al. 2010) and AMS-01 (blue filled squares; Alcaraz et al. 2000).
The thick solid (black) line is a fit to the Fermi-LAT electron spectrum at
1 AU; this is also the electron spectrum for r < 1 AU in Model 3. The dash-
dotted (black) and doted (black) lines show the electron spectra at r = 0.3 AU
in Models 1 and 2 calculated for Φ0 = 400 MV, Equations (2) and (3),
correspondingly. The dashed (blue) line shows the demodulated local interstellar
spectrum. The double-dot (magenta) line shows the local interstellar spectrum
of leptons as calculated by GALPROP (Ptuskin et al. 2006); this spectrum is
used in the model calculations of the diffuse Galactic emission.
(A color version of this figure is available in the online journal.)

inner heliosphere, the magnetic fields in the solar atmosphere,
and the CR cascade development in the solar atmosphere.

The Seckel et al. (1991) calculation divides space into three
regions: the interplanetary space, the corona, and the regions
below the corona. The interplanetary magnetic field (>2 R!) is
taken to be in the form of a Parker (1958) spiral with the total
field ∼50 µG near the Earth. Inferior to the Earth’s orbit, the field
is nearly radial at angle ∼45◦. CR propagation from Earth’s orbit
to the bottom of the corona is treated as spherically symmetrical
diffusion with no absorption (i.e., neglecting CR interactions).
The adopted diffusion coefficient has a linear dependence on
energy, while the spatial radial dependence is a power law
with index 2. The CR spectrum at 1 AU was adopted from
Webber & Potgieter (1989), which is a parameterization of the
measurements made during balloon flights in 1976 and 1979
(Webber et al. 1987).

Interior to the corona, the CR propagation and absorption
(interactions) are treated simultaneously using a Monte Carlo
code. The magnetic field configuration is chosen corresponding
to a quiet Sun (Priest 1982), where the average field strengths
are of the order of a few Gauss. However, the fields are
nonuniform with the flux bundles (∼103 G, a few hundred
kilometers across) located at the corners of convective cells
and separated by thousands of kilometers. The chromosphere
is assumed to be isothermal in hydrostatic equilibrium which
gives an exponential density profile with scale height ∼115 km.
The density profile below the photosphere is taken from Baker
& Temesvary (1966). The characteristic column density is
∼40 g cm−3 at 500 km depth and 100 g cm−3 at 900 km.

The cascades initiated by high-energy particles (>3 TeV) do
not contribute much to the observed γ -ray flux and are neglected.
The solar magnetic fields do not significantly affect their
directionality until particle energies drop below ∼10 GeV—by

Figure 7. Energy spectra of the IC emission for elongation angles !5◦ and !20◦

as observed by Fermi-LAT and compared with model predictions. Statistical
error bars (larger) are shown in black; systematic errors (smaller) are red.
(A color version of this figure is available in the online journal.)

that time most cascades are deep enough so that only a few low-
energy photons will escape. On the other hand, the low-energy
primaries produce cascades for which a significant amount of
energy is reflected back to the solar surface (so-called mirrored
showers). The typical low-energy cascade has less than a few
interaction lengths of material to pass through before photons
can escape. Therefore, such cascades act as if they evolve in
moderately thin targets.

The actual yields are calculated by propagation of one-
dimensional cascades through a slab. The photon yield includes
only the photons that make it through the slab. Secondary
electrons, positrons, and baryons exiting the slab are ignored
even though they are likely to re-enter the Sun. This may
underestimate the actual γ -ray flux.

The Seckel et al. (1991) calculations were made in two
scenarios: (1) neglecting the effects of interplanetary magnetic
field on particle propagation and assuming the solar surface is
fully absorbing (so-called naive model) and (2) the “nominal”
model, which includes all the assumptions about CR diffusion
in the inner heliosphere and corona. The integral flux above
100 MeV was predicted to be F (!100 MeV) ∼ (0.22–0.65) ×
10−7 cm−2 s−1 for the “nominal” model, where the range
corresponds to the different assumptions about the CR cascade
development: slant versus more realistic mirrored showers
(i.e., reflected back to the solar surface).

7. DISCUSSION AND CONCLUSIONS

Figures 7 and 8 show the results of the analysis of the ex-
tended emission component together with the model predictions
(Section 5). The plotted values are obtained from the IC flux in
each ring as shown in Table 3 divided by the corresponding solid
angle. The model calculations are shown unbinned (curves) and
binned with the same bin size as used for the data. Although the
highest energy point 3–10 GeV shows some excess relative to
the model predictions, this is difficult to explain from the model
viewpoint since the effect of the solar modulation is decreasing
at high energies thus making the model more accurate. Future
analysis with larger statistics should clarify if this discrepancy
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Figure 8. Intensity profile for the IC component vs. elongation angle compared
with the model predictions. Statistical error bars (smaller) are shown in black;
systematic errors (larger) are shown in red. To allow a direct comparison with
the models, the model predictions are also shown binned with the same bin size
as used for data.
(A color version of this figure is available in the online journal.)

is real. The agreement of the observed spectrum and the an-
gular profile of the IC emission with the model predictions (as
described in Section 5) below a few GeV is very good. The
innermost ring used for the analysis of the IC emission subtends
an angular radius of 5◦ corresponding to a distance ∼0.1 AU
from the Sun, i.e., four times closer to the Sun than Mercury.
At such a close proximity to the Sun, and actually anywhere
<1 AU, the spectrum of CR electrons has never been measured.

It does not seem possible to discriminate between the models
at the current stage. The spectral shape <1 GeV in Figure 7
and the intensity in the innermost ring in Figure 8 is better
reproduced by Models 1 and 2, while the intensity in the
middle ring 5◦–11◦ (Figure 8) is better reproduced by Model
3. Even though the current data do not allow us to discriminate
between different models of the CR electron spectrum at close
proximity to the Sun, the described analysis demonstrates how
the method would work once the data become more accurate. In
particular, it is possible to increase the statistics by fourfold by
masking out the background sources or modeling them, instead
of requiring the angular separation between bright sources and
the Sun to be >20◦ (Table 1). More details will be given in a
forthcoming paper. The increase of the solar activity may also
present a better opportunity to distinguish between the models
since the difference between the model spectra of CR electrons
will increase with solar modulation.

The intensity of the IC component is comparable to the
intensity of the isotropic γ -ray background even for relatively
large elongation angles (Table 2). Integrated for subtended
angles !5◦, the latter yields ∼2.5 × 10−7 cm−2 s−1 above
100 MeV (Abdo et al. 2010c) versus ∼1.4 × 10−7 cm−2 s−1

for the IC component. For subtended angles !20◦, the integral
flux of the isotropic γ -ray background is ∼3.9×10−6 cm−2 s−1

above 100 MeV versus ∼6.8 × 10−7 cm−2 s−1 for the IC
component. Therefore, it is important to take into account
the broad nonuniform IC component of the solar emission
when dealing with weak sources near the ecliptic. The relative
importance of the IC component will increase with time since
the upper limit on the truly diffuse extragalactic emission could
be lowered in future as more γ -ray sources are discovered and
removed from the analysis.

Figure 9. Energy spectrum for the disk emission as observed by the Fermi-LAT.
The curves show the range for the “nominal” (lower set, blue) and “naive” (upper
set, green) model predictions by Seckel et al. (1991) for different assumptions
about CR cascade development in the solar atmosphere (see the text for details).
The black dashed line is the power-law fit to the data with index 2.11 ± 0.73.
(A color version of this figure is available in the online journal.)

Figure 9 shows the spectrum for the disk component measured
by the Fermi-LAT (Table 4) and two model predictions (“naive”
and “nominal”) by Seckel et al. (1991) as described in Section 6.
In each set of curves, the lower bound (dotted line) is the CR-
induced γ -ray flux for the slant depth model and the upper bound
(solid line) is the γ -ray flux assuming showers are mirrored (as
charged particles would be). The observed spectrum can be well
fitted by a single power law with a spectral index of 2.11±0.73.
The integral flux of the disk component is about a factor
of seven higher than predicted by the “nominal” model. An
obvious reason for the discrepancy could be the conditions of the
unusually deep solar minimum during the reported observations.
However, this alone cannot account for such a large factor, see
a comparison with the EGRET data below. Another possibility
for an estimated “nominal” flux to be so low compared to the
Fermi-LAT observations is that the secondary particles produced
by CR cascades exiting the atmospheric slab are ignored in
the calculation while they are likely to re-enter the Sun. On
the other hand, the proton spectrum by Webber et al. (1987)
used in the calculation is about a factor of 1.5 higher above
∼6 GeV than that measured by the BESS experiment in 1998
(see Figure 4 in Sanuki et al. 2000). Meanwhile, calculation
of the disk emission relies on assumptions about CR transport
in the inner heliosphere and in the immediate vicinity of the
Sun thus allowing for a broad range of models (cf. “naive”
versus “nominal” models). The accurate measurements of the
disk spectrum by the Fermi-LAT thus warrant a new evaluation
of the CR cascade development in the solar atmosphere.

The spectral shape of the observed disk spectrum is close to
the predictions except below ∼230 MeV where the predicted
spectral flattening is not confirmed by the observations. This
may be due to the broad PSF making it difficult to distinguish
between the components of the emission or a larger systematic
error below ∼200 MeV associated with the IRFs.

The results of Fermi-LAT observations can be also compared
with those from the analysis of the EGRET data (Orlando &
Strong 2008). The latter gives an integral flux ("100 MeV) for
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Figure 8. Intensity profile for the IC component vs. elongation angle compared
with the model predictions. Statistical error bars (smaller) are shown in black;
systematic errors (larger) are shown in red. To allow a direct comparison with
the models, the model predictions are also shown binned with the same bin size
as used for data.
(A color version of this figure is available in the online journal.)

is real. The agreement of the observed spectrum and the an-
gular profile of the IC emission with the model predictions (as
described in Section 5) below a few GeV is very good. The
innermost ring used for the analysis of the IC emission subtends
an angular radius of 5◦ corresponding to a distance ∼0.1 AU
from the Sun, i.e., four times closer to the Sun than Mercury.
At such a close proximity to the Sun, and actually anywhere
<1 AU, the spectrum of CR electrons has never been measured.

It does not seem possible to discriminate between the models
at the current stage. The spectral shape <1 GeV in Figure 7
and the intensity in the innermost ring in Figure 8 is better
reproduced by Models 1 and 2, while the intensity in the
middle ring 5◦–11◦ (Figure 8) is better reproduced by Model
3. Even though the current data do not allow us to discriminate
between different models of the CR electron spectrum at close
proximity to the Sun, the described analysis demonstrates how
the method would work once the data become more accurate. In
particular, it is possible to increase the statistics by fourfold by
masking out the background sources or modeling them, instead
of requiring the angular separation between bright sources and
the Sun to be >20◦ (Table 1). More details will be given in a
forthcoming paper. The increase of the solar activity may also
present a better opportunity to distinguish between the models
since the difference between the model spectra of CR electrons
will increase with solar modulation.

The intensity of the IC component is comparable to the
intensity of the isotropic γ -ray background even for relatively
large elongation angles (Table 2). Integrated for subtended
angles !5◦, the latter yields ∼2.5 × 10−7 cm−2 s−1 above
100 MeV (Abdo et al. 2010c) versus ∼1.4 × 10−7 cm−2 s−1

for the IC component. For subtended angles !20◦, the integral
flux of the isotropic γ -ray background is ∼3.9×10−6 cm−2 s−1

above 100 MeV versus ∼6.8 × 10−7 cm−2 s−1 for the IC
component. Therefore, it is important to take into account
the broad nonuniform IC component of the solar emission
when dealing with weak sources near the ecliptic. The relative
importance of the IC component will increase with time since
the upper limit on the truly diffuse extragalactic emission could
be lowered in future as more γ -ray sources are discovered and
removed from the analysis.

Figure 9. Energy spectrum for the disk emission as observed by the Fermi-LAT.
The curves show the range for the “nominal” (lower set, blue) and “naive” (upper
set, green) model predictions by Seckel et al. (1991) for different assumptions
about CR cascade development in the solar atmosphere (see the text for details).
The black dashed line is the power-law fit to the data with index 2.11 ± 0.73.
(A color version of this figure is available in the online journal.)

Figure 9 shows the spectrum for the disk component measured
by the Fermi-LAT (Table 4) and two model predictions (“naive”
and “nominal”) by Seckel et al. (1991) as described in Section 6.
In each set of curves, the lower bound (dotted line) is the CR-
induced γ -ray flux for the slant depth model and the upper bound
(solid line) is the γ -ray flux assuming showers are mirrored (as
charged particles would be). The observed spectrum can be well
fitted by a single power law with a spectral index of 2.11±0.73.
The integral flux of the disk component is about a factor
of seven higher than predicted by the “nominal” model. An
obvious reason for the discrepancy could be the conditions of the
unusually deep solar minimum during the reported observations.
However, this alone cannot account for such a large factor, see
a comparison with the EGRET data below. Another possibility
for an estimated “nominal” flux to be so low compared to the
Fermi-LAT observations is that the secondary particles produced
by CR cascades exiting the atmospheric slab are ignored in
the calculation while they are likely to re-enter the Sun. On
the other hand, the proton spectrum by Webber et al. (1987)
used in the calculation is about a factor of 1.5 higher above
∼6 GeV than that measured by the BESS experiment in 1998
(see Figure 4 in Sanuki et al. 2000). Meanwhile, calculation
of the disk emission relies on assumptions about CR transport
in the inner heliosphere and in the immediate vicinity of the
Sun thus allowing for a broad range of models (cf. “naive”
versus “nominal” models). The accurate measurements of the
disk spectrum by the Fermi-LAT thus warrant a new evaluation
of the CR cascade development in the solar atmosphere.

The spectral shape of the observed disk spectrum is close to
the predictions except below ∼230 MeV where the predicted
spectral flattening is not confirmed by the observations. This
may be due to the broad PSF making it difficult to distinguish
between the components of the emission or a larger systematic
error below ∼200 MeV associated with the IRFs.

The results of Fermi-LAT observations can be also compared
with those from the analysis of the EGRET data (Orlando &
Strong 2008). The latter gives an integral flux ("100 MeV) for
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  30	
  
GeV	
  

•  ~2	
  sigma	
  up	
  to	
  
100GeV	
  

•  Disagreement	
  in	
  
the	
  overlapping	
  
range?	
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Preliminary,	
  Ng+	
  	
  



The	
  gamma	
  ray	
  flux	
  was	
  changing!	
  

•  The	
  flux	
  dropped	
  by	
  more	
  than	
  a	
  factor	
  of	
  2!	
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Preliminary,	
  Ng+	
  	
  

Preliminary,	
  Ng+	
  	
  



Solar	
  acavity?	
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Preliminary,	
  Ng+	
  	
  

2009	
   2014	
  

•  Seems	
  to	
  ana-­‐correlate	
  with	
  solar	
  acavity	
  



What	
  is	
  causing	
  the	
  ame	
  dependence?	
  

•  Cosmic	
  rays	
  on	
  Earth	
  	
  
– 1-­‐10	
  GeV	
  gamma	
  =>	
  
10-­‐100	
  GeV	
  protons	
  

	
  
– Extra	
  CR	
  modulaaon?	
  
– Solar	
  magneac	
  field?	
  

•  We	
  don’t	
  know,	
  yet!	
  
	
  	
  	
  	
  (work	
  in	
  progress)	
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Adriani+	
  2013	
  

Small	
  	
  
amplitude	
  



High	
  energy	
  informaaon	
  

•  Only	
  water	
  Cherenkov	
  
•  HAWC	
  (Now	
  running)	
  
•  LHAASO	
  (Proposed)	
  

– Spectral	
  cutoff	
  ?	
  
– Conanue	
  to	
  higher	
  E	
  ?	
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Preliminary,	
  Ng+	
  	
  



Solar	
  Atmospheric	
  Neutrinos	
  

•  pp	
  interacaons	
  =>	
  gamma	
  rays	
  ó	
  Neutrinos	
  

•  Dilute	
  atmosphere,	
  larger	
  neutrino	
  flux	
  in	
  the	
  same	
  
angular	
  region.	
  	
  

•  No	
  HE	
  neutrino	
  calculaaons	
  with	
  magneac	
  fields.	
  	
  

•  Work	
  in	
  progress	
  (Ng+)	
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Seckel+	
  1991,	
  Moskalenko+,	
  1993,	
  Ingelman+	
  1996,	
  	
  	
  
HeClage+	
  2000,	
  Fogli+	
  2003	
  



Summary	
  

•  We	
  knew:	
  
–  Cosmic	
  rays	
  +	
  Sun	
  =>	
  hadronic	
  gamma	
  rays,	
  but	
  brighter	
  than	
  expected	
  

•  We	
  find:	
  
–  Gamma	
  ray	
  up	
  to	
  100	
  GeV	
  	
  
–  Ana-­‐correlate	
  with	
  solar	
  acaviaes	
  (surprise?)	
  

•  Next:	
  
–  Understand	
  how	
  the	
  gamma	
  rays	
  are	
  produced.	
  	
  

•  Cosmic	
  rays,	
  cosmic	
  ray	
  propagaaon,	
  solar	
  magneac	
  fields	
  +	
  	
  
–  Many	
  interesang	
  related	
  studies!	
  

Thanks!	
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(1505.xxxxx)	
  

The	
  Sun	
  as	
  a	
  source	
  and	
  a	
  laboratory.	
  
	
  


