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ABSTRACT

We report the detection of high-energy gamma rays from the quiet Sun with the
Large Area Telescope (LAT), on board the Fermi Gamma-Ray Space Telescope, during
the first eleven months of the mission. The observed solar emission is produced by
interactions of cosmic- ray hadrons with the solar atmosphere and photosphere via pion
decay, and by inverse-Compton scattering of cosmic-ray electrons with solar photons in
the heliosphere. Fermi observed a total flux of ? x 10 %cm™2sec™" above 100 MeV,
with the extended emission accounting for about 77’s of the emission. The EGRET
instrument on the Compton Gamma-Ray Observatory first observed these two compo-
nents with a total flux of 0.45 x 10 %cm™2sec™! at only a 2 o significance above 100
MeV. The significantly larger flux observed by Fermi probably reflects the current low
level of solar modulation during this extended period of minimum solar activity.

Observations with Fermi will provide a probe of the extreme conditions near the
solar surface, and monitor the modulation of cosmic rays over the inner heliosphere,

impossible by any other means.
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11. Introduction

> The Sun is an extremely bright source of
s high-energy (> 10 MeV) gamma-rays dur-
4ing solar flares when flare-accelerated elec-
s trons and ions interact with the solar atmo-
s sphere. The Solar Maximum Mission gamma-
7 ray spectrometer was the first to observe this
s flare emission with a measured peak flux ...(I

'NRL USA

2Fermi LAT Category I paper: everyone from LAT
who wants to sign

3Contact authors:
M. Brigida, monica.brigida@ba.infn.it
E. Orlando, elena.orlando@mpe.mpg.de

o couldn’t find the exact reference of Forest
1 with the flux, as suggested by Gerry) (7).
1 In contrast, quiescent solar gamma-ray emis-
12 sion from hadronic cosmic-ray (CR) interac-
13 tions with the solar atmosphere and photo-
1 sphere (the disk component), first suggested
15 by 7 to be detectable by the EGRET ex-
16 periment, is only expected to have a flux of
17~ 5 x 1077em~2sec™! above 100 MeV (?).
187  reported a 95% confidence upper limit
1w on the flux in the disk component of about
20 2.0 x 1077 photons cm™2s~! at E>100 MeV.
21 This work did not take into account a sec-
» ond extended solar component produced by
23 Inverse-Compton (IC) scattering of CR elec-



2 trons with solar photons producing a halo
»s around the Sun that complicated the analy-
2 8is (?7) (7). A recent analysis of the EGRET
o7 data that revealed both disk and Inverse
23 Compton contributions yielded a total flux of
20 (4.44 £ 2.03)x1077 cm 257! for E>100 MeV,
30 with the disk component estimated to be
st about 1/4 of the total flux (7). Solar activity
32 was mostly near its peak in Cycle 22 during
33 the period when the EGRET data used for
34 this analysis were accumulated. There was
35 large solar modulation of the cosmic radia-
36 tion during this time period resulting in low
37 quiescent solar gamma-radiation.

33 In contrast to the EGRET observation, so-
30 lar activity has been extremely low during the
w0 first year of the Fermi Mission correspond-
a1 ing to a maximum in the cosmic-ray flux.
22 Hence, we expect the quiescent solar gamma-
a3 Tay emission to be at its maximum in the pe-
s riod analyzed in this paper.

15 2. Data selection and background de-
46 termination

a7 Fermi was successfully launched on June
48 11, 2008 into a low Earth circular orbit at an
a0 altitude of 565 Km, an inclination of 28.5°
so and an orbital period of 96 minutes. The
s1 observatory consists of the Large Area Tele-
s2 scope (LAT) and the Gamma-ray Burst Moni-
s3 tor (GBM). The LAT (?) is a pair-production
s4 telescope with a large effective area and field
ss of view (2.4 sr), sensitive to gamma rays be-
s6 tween 30 MeV and 300 GeV. After a commis-
57 sioning phase devoted to the instrument fine
ss tuning and calibrations, the LAT began its
so normal science operations on 11 August 2008.
60 The Mission was designed with a five-year life-
61 time and a goal of at least ten years of oper-
e ations. The point spread function (PSF) of
63 the photon arrival directions is energy depen-
e« dent as described in (?7), ranging from about
65 5° for E>100 MeV to 0.1 © for energies above
o6 a few GeV. During the first year of operations,

67 Fermi has been working in survey mode, ob-
68 serving the whole sky in about 3 hours (or 2
6o orbits) with an almost uniform exposure in 1
70 day.

7nn The LAT data sample used in this analysis
72 of the quiescent solar emission was collected
73 from 4 August 2008 to the end of June 2009.
74 We have applied a zenith cut of 105° to elimi-
75 nate photons from the limb of the Earth’s at-
76 mosphere. We also use the ”Diffuse” class of
77 automatic data screening (?7), corresponding
78 to events with the highest probability of being
79 photons. Special software was developed for
g0 sources moving in celestial coordinates in or-
a1 der to permit analysis of data in a Sun-centred
g2 system.

83 In order to reduce celestial background,
s we exclude the data when the Sun is within
85 30° (right?) of the galactic plane and we re-
s move the brightest objects within 5° from the
g7 Sun. (is this right?; please also define 'bright-
ss est’). To further minimize the effects of back-
g0 ground in the solar-coordinate system, we use
o0 what we call the ”fake source method”. This
o1 method entails creating a background data
o2 set identical to the solar data set (e.g. the
o3 same data cuts described above), but centred
oa on a fake-Sun that is assumed to be shifted
os along the ecliptic by 30° from the real posi-
96 tion of the Sun. This background subtraction
o7 method accounts for the anisotropic back-
98 ground component including diffuse Galactic
9 and extragalactic emissions, residual instru-
100 mental background, and sources below the
11 brightness level excluded from the data (how
102 bright?). The ’fake Sun’ method assumes that
103 the background exposure is constant over a
104 30 minute interval, which is clearly not the
105 case, but we do not believe that this effect
106 will be significantly affect our results. With
107 this method we approximately correct for the
108 anisotropy of the background along the Sun’s
100 path in the ecliptic.

1o Figure 77 shows the Gaussian-smoothed



u1 (0.5 deg)) > 100 MeV count map centered
2 on the solar position accumulated over 11-
113 months from August 2008 to the end of June
114 2009 and the count map of the background ob-
115 tained with the method of the fake-Sun. The
116 map centred on the Sun represents an update
17 of the count maps already published in 7, ?
us and 7 with reduced data accumulations.

19 3. Model template

120 In order to take into account the inverse-
121 Compton scattering as extended emission, a
122 model template to be fitted with the likeli-
123 hood technique has been produced. The mod-
124 ulation of the electron spectrum close to the
125 Sun is not known. Hence we decided to have
126 a simplified model for the IC emission. In fact
127 we checked that the detection and the flux es-
128 timation does not depend significantly on the
120 different model of the solar modulation to be
130 fitted. Hence, referring to 7, 7 and 7, the ex-
131 tended emission is obtained with the isotropic
132 formulation (which distribution differ for a
133 factor of less that 15% close to the Sun (?))
13¢ and for solar modulation of 500 MV, corre-
135 sponding to the solar minimum. The inter-
136 stellar electron spectrum obtained by Ferms ?
137 with a spectral index of -3.04 is used and mod-
138 ulated 500 MV using the force field approxi-
130 mation. For this model, within 1 AU, where
10 the modulation of cosmic-ray electrons is un-
121 known, the assumption is that the cosmic-ray
142 flux towards the Sun equals the flux at Earth
13 (for more details see 7). For this analysis
124 the comparison with different models of solar
145 modulation and electron spectra close to the
16 Sun is not an issue. For future work and com-
147 parison with models of electron modulation a
ug more accurate modelling will be performed.
149 The point source was assumed to have a spec-
150 tral index of -2. Since this is not well known,
151 the analysis has been performed also for val-
152 ues ranging from -1 to -3. This gives an idea
153 on the uncertainties on the determination of

154 the resulted fitted fluxes. Models of the disc
155 and inverse-Compton components have been
156 convolved with the response function of the
157 instrument (P6_V3_DIFFUSE for STv9rl15),
158 using the science tools. Only fluxes will be
150 reported. Spectra of the 2 components and
160 comparison with models of solar modulation
161 will be obtained in future.

162 4. Method of analysis

163 We perform the separation of the two qui-
164 escent solar components using a maximum
165 likelihood analysis technique on the two-
166 dimension count map shown in Figure ?77.
167 This fitting code was developed distinct from
168 the standard Fermi Science Tools to fit si-
160 multaneously contributions from background
o ("fake Sun’) and the disk and halo compo-
171 nents.

12 The analysis has been performed for two
173 energy bands: > 100 MeV and > 1 GeV.
172 Although the statistics are more limited > 1
175 GeV, this is in part compensated for by the
176 improved point spread function of the instru-
177 ment and the reduced amount of solar mod-
178 ulation of cosmic rays that needs to be mod-
179 elled. We performed the fit over a region con-
180 tained within 20 degrees of the Sun, hence the
181 flux of the inverse Compton emission is inte-
182 grated over that area. For the cases analysed,
183 we obtained the logarithm of the likelihood
184 Tatio, where -2 log(L/Lg) is distributed as x2
185 with L the global maximum, and L the alter-
186 native hypothesis; n is the number of degrees
187 of freedom (7).

188 5. Results

180 All the fits are made leaving the 3 param-
100 eter free, normalization of disc and inverse
101 Compton flux and the background counts.
192 Since the interesting parameters are solar disc
103 and extended fluxes, the likelihood is max-
10s imised over the the background flux. Val-



15 ues of the likelihood for each pair of disk
106 and extended fluxes are obtained by allow the
107 background component to vary to maximise
108 the likelihood. Figures 7?7 and 77 show the
199 Log(L/Lg) as a function of the disc flux and
200 the extended flux for the 2 energy ranges anal-
201 ysed; 1, 2 and 3 sigma confidence contours
202 for 2 degrees of freedom are shown, supposing
203 a x3 distribution. For illustration we report
204 here only the plots obtained using the value
205 -2 for the spectral index of the source.

206 The analysis reveals detection of the two
207 different component of the solar emission, disc
208 and extended, with high statistical signifi-
200 cance, for each components and both energy
a0 ranges.  Values of the best-fit fluxes and 1
a1 sigma errors for the joint probability of the
212 two parameters are reported in Table ?77.
213 Counts of the components and TS are also
a1e tabled. No systematic errors are included.
215 The computed errors include only the stasti-
216 cal uncertainties; the estimation of the overall
217 systematical error is of about 20% (right?).
218 The table reports the values obtained using
219 different values of the spectral index of the
20 disc emission, as initial assumption, ranging
21 from -1 to -3, since this is not well known.
22 However from the data we can obtain more
23 information on spectral index using the best
24 fitted value for the disc flux, as discussed in
25 the next section.

»6 In order to have a visible confirmation of
27 the different component of the solar emission,
228 in Figure 77 (TO BE ADDED) the event den-
29 sity profiles of the count map with respect
230 to the Sun, and the fitted components, back-
231 ground, disc and inverse Compton emission
232 are plotted. The figures show the evidence of
233 a solar emission component extended above
234 15 deg from the centre of the Sun with a den-
235 sity increasing at high energies. The simu-
236 lated data for the disc has been obtained using
237 & simple pointlike source with spectral index
2 of -2.1 and total flux of 3x10~7 cm™2s! for

230 E>100 MeV. For the inverse-Compton emis-
240 sion the model described in the previous sec-
241 tion has been used.

22 6. Discussion

23 This analysis has revealed the detection of
244 the two components of the solar emission with
25 high confidence level. Referring to Table 77,
26 the spectral index of the disc emission calcu-
27 lated from the best fit fluxes are: -7 assum-
28 ing a priori spectral index of -1 for the fit; -2
29 assuming a priori spectral index of -2; -2.25
250 assuming a priori spectral index of -2.5; -2.37
251 assuming a priori spectral index of -3. Hence,
252 we can affirm that the expected spectral index
253 rages between -7 and -2.3. To be conservative
254 the fluxes of the solar components will be re-
255 ported taking into account this uncertainty on
26 the spectral index. Hence, we give the fluxes
257 obtained fitting the model for the source with
28 a spectral index between -7 and -2.5, values
20 that give the upper and lower limit on the
260 fluxes. The difference is of the order of 20% on
261 the iC flux(?) and a factor of 2 in the disc flux
22 (7). In general, the higher the spectral index,
263 the higher the disc flux and the lower the IC
264 flux. The resulted disc and inverse-Compton
265 fluxes above 100 MeV and 1 GeV are reported
266 in Table 7?7 (TO BE ADDED with the fitted
267 values). This table contains also the expected
268 inverse-Compton fluxes (? and ?) calculated
29 for a region of 6 degrees radius from the Sun.
270 Moreover also the measured fluxes obtained
o with the analysing of the EGRET data above
272 100 MeV by 7 are given for both extended and
a73 disc emission. The extended fluxes are scaled
274 in order to directly compare the results of dif-
ars ferent region size. 7 and 7 estimated a flux
26 of (2-5) x 10~ "cm ™ 2sec™! within 6 degrees,
277 depending on the solar conditions. These val-
78 Ues are in agreement with what we obtained
279 from the analysis of the LAT data. On the
280 other hand, on a first sight, the fluxes ob-
281 tained with the Fermi data seem to overpre-



Table 1: Maximum likelihood fitting results for two energy ranges above 100 MeV and above 1 GeV.

Fluxes are given in cm™2sec™?
Energy >100 MeV >1GeV
IC flux 1.33e-6 +0.1-0.06 1.14e-7/+0.11-0.09
Disc flux 7.4e-7 +0.5-0.6 3.7e-8/+-0.1
Bkg fit scaling factor 0.99 0.99

IC counts sun 10132.6 1976.82
source 2823.16 416.18
background 79576.4 10955
Total TS 4922 2325.4

282 dict the values obtained with previous analy-
283 sis of the EGRET data (?), who determined
s a total flux of (4.4442.03) x10~"cm2sec™!
255 within 10° radius. However we have to take
286 into account that, in the first year of the
287 Fermi mission, there was an anomalous con-
28 dition of solar minimum, while the EGRET
280 data covered mostly the period of solar maxi-
200 mum, when the cosmic-ray flux and hence the
201 gamma-ray solar emission is lower. The same
202 consideration has to be done for the disc flux
203 found with Fermi, that is much higher that
20¢ what previously found by EGRET data anal-
205 ysis (7). However, within big uncertainties in
206 the model of the disc emission, the flux found
207 in this analysis is in agreement with the the-
208 oretical value for pion decay obtained by?.

200 In the future work we expect to obtain the
300 spectra of the two solar components and gain
s01 information on the solar modulation of cosmic
302 rays even close to the Sun. In fact, observa-
303 tions with Fermi-LAT of the inverse Comp-
304 ton scattered solar photons will allow for con-
305 tinuous monitoring of the cosmic-ray electron
306 spectrum even in the close proximity of the
s07 solar surface for the entire Solar Cycle 24.
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Fig. 1.— Count maps above 100 MeV of the
data between August 2008 and the end of May
2009 centred on the Sun (left) and centred on
the fake-Sun (right) that represents the back-
ground. The region is 20 degree-radius and
the pixel side is of 0.25 degrees. Colorbar
shows the number of counts per pixel.
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Fig. 2.— Log(L/L0) as a function of the disc
flux (y axis) and the extended flux (x axis)
for E>100 MeV. 1, 2 and 3 sigma confidence
contours for 3 degrees of freedom are shown,
supposing a X3 distribution.
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Fig. 3.— Log(L/L0) as a function of the disc
flux (y axis) and the extended flux (x axis)
for E>1 GeV. 1, 2 and 3 sigma confidence
contours for 3 degrees of freedom are shown,
supposing a X?,) distribution.



