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Abstract: We show the latest results of Fermi-LAT observations of the quiescent Sun during the first 18 months of 
the mission. During this period the solar activity was at its minimum, hence the solar emission induced by cosmic 
rays was at its maximum. Two emission components are clearly distinguished: the point-like emission from the solar 
disk due to the cosmic-ray cascades in the solar atmosphere, and the extended emission due to inverse Compton scat-
tering of cosmic ray electrons on solar photons in the heliosphere. The observed integral flux from the solar disk is 
about a factor of 7 higher than predicted by the 'nominal' model by Seckel et al. (1991). In contrast, the observed 
integral flux of the extended emission is consistent with the theoretical predictions of the inverse Compton emission. 
We present the entire analysis, showing spectra and angular profiles of both components and discuss the comparison 
with models and the outcomes. 
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1 Introduction 
 

The solar disk is a steady source of gamma rays pro-
duced by hadronic interactions of cosmic rays (CRs) in 
the solar solar atmosphere and photosphere [1]. The 
estimated disk flux of ~10-7 cm-2s-1 above 100 MeV from 
pion decays was at the limit of EGRET sensitivity [2].  
Moreover the Sun was predicted to be an extended 
source of gamma-ray emission, produced by inverse 
Compton (IC) scattering of cosmic-ray electrons on solar 
photons in [3] and [4]. This emission has a broad distri-
bution on the sky with maximum intensity in the direc-
tion of the Sun. A detailed analysis of the EGRET data [5] 
yielded a total flux of (4.4�2.0) � 10-7 cm-2s-1 within a 
region of radius 20� around the Sun for E >100 MeV for 
the sum of the two solar components. The analysis 
yielded fluxes F(>100 MeV) = (1.8�1.1) � 10-7 cm-2s-1 
for the disk and F(>100 MeV) = (3.8�2.1) � 10-7 cm-2s-1 
for the IC component for elongation angles <10�, consis-
tent with models, but within big error bars.  

Both emission components have their maximum flux 
at the solar minimum condition, when the cosmic-ray 

flux is maximum due to the lower level of solar modula-
tion.  

The launch of Fermi in 2008 has made observations of 
the quiet Sun with high statistical significance and on a 
daily basis possible. During the first two years of the 
Fermi mission, the solar activity has been extremely low, 
resulting in a high heliospheric flux of Galactic CRs and 
hence, of the gamma rays from the Sun. 
 

We present the entire analysis of the first 18 months of 
the mission, showing spectra and angular profiles of both 
components and discuss the comparison with models and 
the outcomes, based on the recent work [8]. 
 
 

2 Data selection 
 
Fermi [6] was launched on June 11, 2008 into circular 
Earth orbit with an altitude of 565 km and inclination of 
25.6 deg., and an orbital period of 96 minutes. The prin-
cipal instrument on Fermi is the LAT, a pair-production 
telescope with field of view of 2.4sr and sensitive to 
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gamma rays between 20 MeV and >300 GeV. After the 
commissioning phase, devoted to fine-tuning of the in-
strument and calibrations, the Fermi/LAT began routine 
science operations on August 4, 2008.  
The Fermi/LAT normally operates in sky-survey mode 
where the whole sky is observed every 3 hours (or 2 
orbits) with an almost-uniform exposure on daily time 
scales [6]. 
The LAT data used in this analysis of the quiescent solar 
emission was collected from 4 August 2008 until 4 Feb-
ruary 2010.  
For this analysis we have selected events > 100 MeV 
coming within 20� from the source satisfying the Pass 6 
Diffuse class screening criteria [6], corresponding to the 
events with the highest probability candidates as photons. 
To reduce the contamination by the gamma-ray emission 
coming from CR interactions in the Earth's upper atmos-
phere, selecting events with zenith angles <105� refines 
our selection. 
To reduce systematic uncertainties due to the bright dif-
fuse gamma-ray emission from the Galaxy, we have also 
excluded the data taken when the Sun was within 30� 
from the plane. We further excluded the periods when 
the Sun was within 20� from the Moon or any other 
bright celestial source as selected from the 1FGL Fer-
mi/LAT source catalog [7]. These various selections 
produce a very clean event subsample but at the expense 
of removing about 93% of the initial data set.   
Since the Sun is moving across the sky, the data are se-
lected in a moving frame centered on the instantaneous 
source position, computed using an interface to JPL li-
braries1, taking into account parallax corrections. 
 

3 Analysis method 
 
For the analysis on Sun-centered system we used the 
Fermi Science (Available from Fermi Science Support 
Center (FSSC)2) version 9r16p0. 

 
3.1 Background evaluation 
 
The correct evaluation of the background in the region 
around the Sun is very important for the analysis of the 
weak extended IC emission. The background is mainly 
due to the diffuse Galactic and isotropic (including the 
extragalactic background) gamma-ray emission averaged 
along the ecliptic and to weak point sources.  
The evaluation of the background was done based on the 
real data. This method utilizes the data and is called  
‘fake-Sun’ analysis, where an imaginary source trails the 
Sun along the ecliptic. For this method, application of 
exactly the same sets of cuts as are used for the Sun 
yields an estimate of the background. Since the extended 
solar IC emission is insignificant for elongation an-
gles >20�, we used 40� as the minimum trailing distance. 

                                                           
1 http://iau-comm4.jpl.nasa.gov/access2ephs.html 
2 http://fermi.gsfc.nasa.gov/ssc 

To reduce statistical errors in the background determina-
tion, the background is averaged over 4 fake-Sun sources 
displaced from each other and from the Sun itself by 40� 
intervals along the ecliptic.  
Figure 1 shows the Gaussian-smoothed count maps >100 
MeV centered on the solar position and the hypothetical 
trailing source. The solar emission is clearly seen on the 
left panel, while the right panel shows the background, 
which is essentially uniform.  
The integral intensity distribution for the two samples, 
centered at the solar position and centered on the aver-
aged fake-Sun source, is shown in Figure 2. The number 
of events per solid angle is shown vs. the angular dis-
tance from the Sun (the elongation angle) and the fake-
Sun positions for a bin size 0.25�. 
 
 

 Figure 1. Count maps for events >100 MeV between 
August 2008 and February 2010, centered on the Sun 
(left) and on the trailing source (so-called fake-Sun, right) 
representing the background. The ROI has 20� radius and 
pixel size 0.25�. The color bar shows the number of 
counts per pixel (Published in [8]). 

 
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) represents the Sun, 
the lower set of data (filled symbols) represents the 
‘fake-Sun’ background (Published in [8]).  

 
 
 
 
 
3.2 Analysis of the solar emission 
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The separation of the disk and extended components of 
the solar emission was done in a model-independent way.  
The Sun-centered maps of Fermi/LAT gamma-ray counts 
were analyzed using a maximum likelihood technique 
where the background parameters were fixed using the 
fake-Sun method. 
Figure 3 shows the angular distribution of photons >500 
MeV from the Sun on a 0.2� grid, the background deter-
mined by the fake-Sun method, and the fitted disk and 
extended components. The spectrum of a disk source is 
modeled as a power law with the total flux and spectral 
index obtained from the fit of the disk component. The 
extended emission is modeled as the sum of the individu-
al fits in each energy bin. 
The observed angular distribution can be well fitted only 
by adding an extended IC component. 

 
Figure 3. Integral intensity profiles above 500 MeV ver-
sus elongation angle. Points are the observed counts, 
dash-dotted horizontal line is the background, dotted and 
dashed lines are the point-like and extended components 
of the emission, correspondingly. The solid line is the 
sum of the background and the two components of the 
emission. The shaded areas around the lines show total 
error estimates (Published in [8]). 
 

4 IC emission models 
 

We use the CR electron spectrum recently measured by 
the Fermi–LAT [7] between 7 GeV and 1 TeV to model 
the IC emission. We construct three models to compare 
with the data. To obtain the electron spectrum at an arbi-
trary heliospheric distance, r, Models 1 and 2 use para-
meterizations  given by eqs. (2), (3), respectively of [8], 
with modulation =400 MV. Model 3 uses parameteriza-
tion eq. (2), but assuming no additional modulation for r 
< 1 AU. 
 
 
 
 

5 Results 
 

Figures 4 and 5 show the results of the analysis of the 
extended emission component together with the model 
predictions. 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 ener-
gies thus making the model more accurate. Future analy-
sis with larger statistics should clarify if this discrepancy 
is real. The agreement of the observed spectrum and the 
angular profile of the IC emission with the model predic-
tions below a few GeV is very good. It does not seem 
possible to discriminate between the models at the cur-
rent stage. The spectral shape <1 GeV in Figure 4 and the 
intensity in the innermost ring in Figure 5 is better repro-
duced by Models 1, 2, while the intensity in the middle 
ring 5-11 (Figure 5) is better reproduced by Model 3. 
Even though the current data do not allow us to discrimi-
nate between different models of the CR electron spec-
trum at close proximity to the Sun, the described analysis 
demonstrates how the method would work once the data 
become more accurate. 
Figure 6 shows the spectrum for the disk component 
measured by the Fermi–LAT and two model predictions 
(“naive” and “nominal”) by [1].  
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 7 
higher than predicted by the “nominal” model. An ob-
vious 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 is that the disk model is 
even more complicate than what obtained by [1]. The 
accurate measurements of the disk spectrum by the Fer-
mi–LAT thus warrant a new evaluation of the CR cas-
cade development in the solar atmosphere. 

 
Figure 4. Energy spectra of the IC emission for elonga-
tion angles <5� and <20� as observed by Fermi–LAT and 
compared with model predictions. Statistical error bars 
(larger) systematic errors (smaller) are shown. 
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Figure 5. Intensity profile for the IC component vs. elon-
gation angle compared with the model predictions. Sta-
tistical error bars (smaller) and systematic errors (larger) 
are shown.  

 
Figure 6. Energy spectrum for the disk emission as ob-
served by the Fermi–LAT. The curves show the range for 
the “nominal” (lower set) and “naive” (upper set) model 
predictions by Seckel et al. (1991).  

6 Discussion and conclusions 
 
The analysis of the Fermi/LAT observations for the first 
18 months of the mission gives a significant detection 
and separation of the two components of solar gamma-
ray emission. The large photon statistics allow us to 
derive the spectral shape of each component. The ob-
served integral flux (>100 MeV) from the solar disk is 
4.6� 0.2[stat]�1.0[syst] 10-7 cm-2 s-1, which is around 7 
times higher than predicted by the ‘nominal’ model of [1]. 
In contrast, the observed integral flux (>100 MeV) of the 
extended emission from a region of 20� radius centered 
on the Sun of 6.8�0.7[stat]�0.5[syst] 10-7 cm-2 s-1, and 
the observed spectrum and the angular profile are in good 
agreement with the theoretical predictions for the inverse 
Compton emission.  

Observations with Fermi-LAT of the inverse Compton 
scattered solar photons and the disk component allow for 
continuous monitoring of the cosmic-ray spectra poten-
tially even in the close proximity of the solar surface.  
 

7 Acknowledgement 
 

The Fermi LAT Collaboration acknowledges support 
from a number of agencies and institutes for both devel-
opment and the operation of the LAT as well as scientific 
data analysis. These include NASA and DOE in the 
United States, CEA/Irfu and IN2P3/CNRS in France, 
ASI and INFN in Italy, MEXT, KEK, and JAXA in Ja-
pan, and the K. A. Wallenberg Foundation, the Swedish 
Research Council and the National Space Board in Swe-
den. Additional support from INAF in Italy for science 
analysis during the operations phase is also gratefully 
acknowledged. I. V. M. and E. O. acknowledge support 
from NASA grant NNX10AD12G. 
 

8 References 
 
 
[1] Seckel, D., Stanev, T., & Gaisser, T. K. 1991, 
ApJ,382, 652 
[2] Thompson, D. J., Bertsch, D. L., Morris, D. J., Muk-
herjee, R. 1997, JGR, 102, 14735 
[3] Moskalenko, I. V., Porter, T. A., & Digel, S. W. 2006, 
ApJ, 652, L65 (erratum: ApJ, 664, L143, 2007) 
[4] Orlando, E., & Strong, A. W. 2007, Ap&SS, 309, 359 
[5] Orlando, E., & Strong, A. W. 2008, A&A, 480, 847 
[6] Atwood, W. B. et al., ApJ 697 1071-1102 (2009) 
[7] Abdo, A.A. et al., 2010, ApJS, 188, 405 
[8] Abdo A.A et al. 2011 ApJ 734 116  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Vol. 11, 85


