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ABSTRACT

Observations of occultations of bright y-ray sources by the Sun may reveal predicted pair halos around blazars
and/or new physics, such as, e.g., hypothetical light dark matter particles—axions. We use Fermi Gamma-Ray
Space Telescope (Fermi) data to analyze four occultations of blazar 3C 279 by the Sun on October 8 each year
from 2008 to 2011. A combined analysis of the observations of these occultations allows a point-like source at the
position of 3C 279 to be detected with significance of 230, but does not reveal any significant excess over the flux
expected from the quiescent Sun. The likelihood ratio test rules out complete transparency of the Sun to the blazar

y-ray emission at a 3o confidence level.
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1. INTRODUCTION

Blazar 3C 279 is the brightest extragalactic source that is
occulted by the Sun. The first observation of the solar occultation
of 3C 279 in y-rays was reported by Fairbairn et al. (2007)
using the EGRET data from 1991, who found an excess of
8F(>100 MeV) = (6.2*37) x 1077 photons cm~2 s~!. This
observation has led to a speculation (Fairbairn et al. 2007, 2010)
about the possible detection of a pair halo around the blazar or
an axion-like particle.

The possible existence of extended, diffuse, y-ray sources
(so-called pair halos) around blazars was predicted by
Aharonian et al. (1994). y-rays with energies above ~1 TeV
cannot propagate over cosmological distances because of the
production of e*-pairs on the diffuse extragalactic background
light. In turn, the e* pairs emit secondary cascade y-rays owing
to inverse Compton (IC) scattering by cosmic microwave back-
ground photons. Therefore, a y-ray image of an active galactic
nucleus (AGN) is expected to exhibit a halo of secondary pho-
tons around a bright central point-like source. Either a detection
or a non-detection of pair halos could put important limits on the
intergalactic magnetic field (Neronov & Vovk 2010). Pair halos
have not been detected yet (Neronov et al. 2011; Ackermann
et al. 2013).

An axion is a hypothetical light particle that is an attrac-
tive dark matter candidate. Axions were introduced to solve
the strong CP problem in QCD (for a recent review see Kim
& Carosi 2010). A possible coupling of the photon and pseu-
doscalar (axion-like) field suggests that a photon has a finite
probability to convert to an axion-like particle in the presence
of an external magnetic field, and vice versa (Sikivie 1983;
Raffelt & Stodolsky 1988). Note that axion-like particles are a
more general class of particles whose mass and coupling are
unrelated to each other whereas mass and coupling are related
for axions.

Axion detection experiments (Kim & Carosi 2010) use
many different techniques also used for detection of weakly
interacting massive particles, but some are unique for axions,
e.g., microwave receiver detectors, axion helioscopes, and
experiments utilizing laser photons traversing a magnetic field.
The latter experiments search for a polarization shift of the
laser beam, dubbed “light shining through walls,” and magneto-
optical vacuum effects. The modern “light shining through
walls” experiments use optical photons emitted by a laser and
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1-10 m size magnets with B ~ 5-10 T. The third generation
axion helioscope CAST, which uses a prototype Large Hadron
Collider magnet with B = 9 T to track the Sun for 3 hr a day,
is currently operating at CERN. It looks for the flux of axions
with an average energy of ~4.2 keV at the Earth produced in
the core of the Sun by the Primakoff conversion of thermal
photons in the Coulomb fields of nuclei and electrons. The
current limit on axion—photon—photon coupling from CAST
is <8.8 x 107! GeV~! for axion mass m, < 0.02 eV
(Andriamonje et al. 2007). Although, this upper limit is quite
tight, there are some theoretical models which can reconcile
the upper limit from CAST with the transparency of the Sun to
y-rays (see Fairbairn et al. 2007, and references therein).

The solar occultation experiment could provide a comple-
mentary probe of axion physics. This setup is similar to the
laser “light shining through walls” experiment, but uses more
energetic y-ray photons from a blazar together with the mag-
netic field of the Sun. Observations of the occultations of bright
y-ray sources by the Sun can provide a unique opportunity to
test the conversion of photons to axion-like particles during their
passage through the strong and extended magnetic field of the
upper layers of the Sun. The axions can then convert back into
photons. An increased flux from the Sun during such an occul-
tation would provide evidence of new physics (Fairbairn et al.
2007).

Meanwhile, the analysis by Fairbairn et al. (2007) was made
under an assumption that the quiescent Sun does not emit y -rays
and was based on a non-detection of the Sun by the EGRET. The
latter yielded only the upper limit of 2.0 x 107 photons cm 2 s~
for the emission from the solar disk (Thompson et al. 1997).

However, the Sun is a bright extended y-ray source. The
emission from the solar disk due to the cosmic-ray cascades
in the solar atmosphere was predicted by Seckel et al. (1991).
The extended emission around the Sun due to the IC scatter-
ing of cosmic-ray electrons off solar photons was predicted by
Moskalenko et al. (2006) and Orlando & Strong (2007). The
intensity of both components of the solar emission changes
with a period of ~11 yr due to the heliospheric modulation
affecting the flux of Galactic cosmic rays. The reanalysis of
the EGRET data (Orlando & Strong 2008) indeed revealed two
components of the emission, Fg(>100 MeV) = (1.8 = 1.1) x
10~7 photons cm™2 s~! for the disk and Fic(>100 MeV) =
(3.8 +2.1) x 1077 photons cm~2 s~! for the extended com-
ponent from a region of 10° radius centered on the Sun. An
analysis of the first 18 months of data from the Fermi Large
Area Telescope (LAT), launched in 2008, allows for a clear sep-
aration of the two components of the solar emission and yields
their spectra as well as the angular profile of the extended com-
ponent (Abdo et al. 2011). The observed integral fluxes were
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found to be Fyg(>100 MeV) = (4.6 £ O.2[stat.]t'0'%[syst.]) X

10~7 photons cm™2 s~ for the solar disk, and Fic(>100MeV) =
(6.8 + 0.7[stat.]t%i[syst.]) x 1077 photons cm~2 s~! for the
extended emission from a region of 20° radius centered on
the Sun.

The launch of Fermi enabled monitoring of the quiescent
Sun with high statistical significance and on a daily basis.
Since occultations of 3C 279 last only ~8.5 hr, this capability
of the Fermi-LAT is of critical importance. It provides us
with an excellent opportunity to check the results of EGRET
observations of the solar occultation of 3C 279.

The goal of this paper is to search for a signature of new
physics through the establishment of flux in excess of what is ex-
pected from the quiescent Sun and a demonstration of the anal-
ysis method, rather than setting up limits on the axion parameter
space or intergalactic magnetic field. The latter would require a
significant increase in the event statistics. In this paper, we report
on the analysis of the Fermi-LAT observations of four solar oc-
cultations of 3C 279 on October 8 each year from 2008 to 2011.

2. Fermi-LAT OBSERVATIONS OF 3C 279 OCCULTATIONS
2.1. Observation and Data Reduction

Fermi was launched on 2008 June 11 into nearly circular
Earth orbit with an altitude of 565 km, an inclination of 25°6,
and an orbital period of 96 minutes. The principal instrument
on Fermi is the LAT (Atwood et al. 2009), a pair-production
telescope with a large effective area (~8000 cm~2 at 1 GeV)
and field of view (2.4 sr) sensitive to y-rays between 20 MeV
and >300 GeV. After the commissioning phase, the Fermi-LAT
began routine science operations on 2008 August 4. The Fermi-
LAT normally operates in sky-survey mode where the whole
sky is observed every 3 hr (i.e., two orbits).

For the data analysis, we use the Fermi Science Tools
vOr27pl package’' and P7V6 instrument response functions.
Events >100 MeV arriving within 20° of 3C 279 (region of
interest—ROI) and satisfying the SOURCE event selection are
selected. The systematic uncertainty of the effective area for
the SOURCE class events is estimated as 10% at 100 MeV,
decreasing to 5% at 560 MeV, and increasing to 10% at 10 GeV
and above. To reduce the contamination by the y-ray emission
from the Earth’s limb, we select events with zenith angles
<100°.

Besides 3C 279, there are eight other strong y-ray sources
listed in the 2FGL Fermi-LAT source catalog (Nolan et al. 2012)
with integral fluxes in excess of 5.0x 108 photons cm™2 s~
above 100 MeV in the ROI along with the Sun that passes
through this region from September 17 to October 28 each
year. The three brightest sources listed in the 2FGL are blazar
3C 273, quasar PKS 1329—-049, and an unassociated source,
2FGL J1231.2—1411, at (RA, decl.) = (187281, —14218) for
the epoch J2000.

The occultations of 3C 279 occur on October § each year. The
beginning and end times of each solar occultation are calculated
using the IDL astronomy library? which gives the solar position
in J2000 epoch celestial coordinates. The occultation of 3C 279
starts when the separation between the solar center and the
blazar becomes smaller than the solar disk radius of ~0°266
(the angular radius corresponding to the occultation date) and

S1 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
32 http://idlastro.gsfc.nasa.gov/ftp/pro/astro/, routines sunpos.pro and
precess.pro
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lasts for &8 hr 34 minutes. We also took into account the parallax
due to the orbital motion of Fermi by taking the entry times to
be 4 minutes later and the exit times 4 minutes earlier than
the nominal times. There were four occultations observed by
Fermi-LAT in 2008-2011.

2.2. Likelihood Analysis and Results

We adopt a background model for the ROI that includes
components describing the diffuse Galactic and isotropic
y-ray emission.”> The Galactic diffuse component was held
fixed, while the normalization of the isotropic component was
allowed to vary. The spatially extended solar emission from
the IC scattering of solar photons by cosmic-ray electrons
(Moskalenko et al. 2006; Orlando & Strong 2007) was fixed
using the best-fit map derived from the analysis of the Fermi-
LAT observations (Abdo et al. 2011).

The periods of occultations of 3C 279 were analyzed using
the unbinned maximum likelihood mode of gtlike, which is part
of the Science Tools. The test statistic (TS; Mattox et al. 1996)
was employed to evaluate the significance of the y-ray fluxes
coming from the source located at the position of 3C 279 during
the occultations. The TS value is defined as twice the difference
between the log-likelihood function, maximized by adjusting all
the parameters of the model, with and without the source, and
under the assumption of a precise knowledge of the Galactic
and isotropic diffuse emission.

The normalization of the isotropic component in the ROI was
evaluated using the data from the first three years of the Fermi
mission, excluding time intervals when the Sun was in the ROI.
We used this normalization in the subsequent analysis of the
point sources.

Along with the Sun, the model includes eight bright 2FGL
sources in the ROI. Their spectral shapes were taken from the
2FGL catalog (Nolan et al. 2012), while normalizations for
the three brightest sources and the Sun were derived from the
likelihood analysis. The spectral index of 3C 279, 2.22 &+ 0.02,
in the 2FGL catalog is fairly close to that of the solar disk,
2.11 £ 0.73 (Abdo et al. 2011). Therefore, 3C 279 and the
Sun were considered as a single source (with the spectral index
corresponding to that of 3C 279 and a free normalization) when
the angular distance between them is <1°. The TS values for
a point-like source at the position of 3C 279 for each of the
four occultations were found to be <4, which correspond to the
source significance of <20

Even though the TS for each occultation is relatively small, the
solar path is clearly seen in Figure 1, which shows the residual
count map with background counts subtracted, corresponding
to the passage of the Sun through the ROI between 2008
September 17 and October 28. The background was taken from
observations of the same region during 10 months following
2008 October 28. The total number of background counts in
the ROI was then normalized to the total number of counts,
corresponding to observations between 2008 September 17
and October 28. The residual map was smoothed with a two-
dimensional Gaussian kernel of ¢ = 1°5. The positions of
the 2FGL sources, with integral fluxes in excess of 5.0 x
108 photons cm~2 s~! above 100 MeV, are marked with circles.
The apparent oversubtraction at the position of 3C 279 is due
to the flaring activity of the blazar during the months following

53 The LAT standard diffuse emission models (gal_2yearp7v6_vO0.fits and
iso_p7v6source.txt), available at
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Declination (deg)

210 200 190 180
Right Ascension (deg)

Figure 1. Solar track (the solid line is added for guidance) is clearly seen in
the residual map (>1 GeV) and corresponds to observations between 2008
September 17 and October 28. The color bar shows counts per pixel, pixel size
is 025 x 0°25. The central position of the map corresponds to the position of
3C 279 (oversubtracted). Positions of bright sources are shown with circles.

(A color version of this figure is available in the online journal.)

2008 October 28.>* The figure shows that the Sun is clearly
detectable on a timescale of days.

The error in the determination of the source flux is dominated
by the statistical error due to the short observational time inter-
vals, ~8.5 hr for each occultation, and, correspondingly, limited
photon statistics. In contrast, the statistical and systematic er-
rors associated with the evaluation of the Galactic and isotropic
backgrounds are considerably smaller due to the much larger
photon count collected over three years of the Fermi mission.
Hereafter, we show only statistical error bars deduced from the
fit to the Sun plus bright sources in the ROL.

To increase the significance of the signal from the point-like
source at the position of 3C 279 during the occultations, we per-
form a stacking analysis of the four occultations using the python
module SummedLikelihood from the Fermi Science Tools that
statistically “sums” likelihood objects. The combined analysis
yields a TS value of 8.7. Therefore, the point-like source at the
position of 3C 279 is detected with significance of ~30 . The cor-
responding integral flux is (2.7 & 1.3) x 10~7 photons cm ™2 5!
above 100 MeV. This flux can be compared with the integral
flux from the solar disk, Fy(>100 MeV) = (4.6 + 1.0) x
10~7 photons cm™2 s~!, derived from the analysis of obser-
vations of the quiescent Sun (Abdo et al. 2011). Assuming that
the solar disk flux was the same during the occultations of
3C 279 in 2008-2011, these observations do not yield any ex-
cess relative to the emission of the solar disk.

2.3. y-Ray Emission from 3C 279

The amplitude of the possible effect of “shining light through
a wall,” owing to the presence of axion-like particles, should be
proportional to the photon flux from 3C 279, and, therefore, the
result of Section 2.2 would be incomplete without an evaluation
of the blazar flux during the occultation. A reasonable proxy for
that is an average of the emission from 3C 279 just before and
immediately after the occultations.

To estimate the fluxes from 3C 279 during the occultations,
we analyze the blazar flux a day before and a day after each

54 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/ms]_lc/source/3C_279
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Table 1
The Combined Flux of 3C 279 and the Sun Before and After the Occultation

Flux (>100 MeV), 107 photons cm~2 57!

Year Before After
2008 7.5+2.0 6.7+2.0
2009 10.5£3.6 9.8 +3.5
2010 12.1+3.5 6.3+3.0
2011 7.5+£1.9 45+1.7
2008-2011 Combined: 7.5 + 0.8

occultation. To increase statistics, we stack the intervals before
and after each occultation using a module of SummedLikeli-
hood. Since the exposures of the survey-mode observations of
the occultations differ significantly for different years, we take
this into account by scaling the exposures of the blazar obser-
vations accordingly. The longest exposure corresponds to the
occultation in 2011. We, therefore, choose the longest time in-
terval before and after the occultation in 2011 equal to 24 hr
corresponding to the exposure ~8.5 x 107 cm? s and scale
exposures in other years proportionally to the occultation expo-
sures, i.e., 0.93:0.34:0.41:1.0, for 2008, 2009, 2010, and 2011
correspondingly.

Since the maximum separation between the solar disk center
and 3C 279 is less than ~1°25 during these time intervals,
considerably smaller than the Fermi-LAT point-spread function
(PSF) ~6° at 100 MeV, we interpret this flux as the sum of the
fluxes from the solar disk and 3C 279. We perform the unbinned
likelihood analysis for data taken within specified time intervals
around the occultation time, taking into account the Galactic,
isotropic, and solar IC diffuse sources as well as 3C 279, and the
eight other strong sources from the 2FGL catalog. The procedure
of the likelihood analysis is the same as described in Section 2.2.

The derived fluxes and statistical uncertainties are shown
in Table 1. A comparison of the fluxes before and after
each occultation shows their consistency within the statistical
uncertainties. Note that there was an episode of a strong flaring
activity of 3C 279 on 2010 September 27-28, about ten days
before the occultation. It is, therefore, possible that the 3C
279 luminosity was changing during the occultation on a short
timescale, which may be reflected in a difference between fluxes
before and after the occultation (Table 1). The combined analysis
yields TS value 230 and, therefore, the source at the position of
3C 279 is detected with significance of &15¢. The exposure-
weighted flux value is (7.5 0.8) x 10~7 photons cm~2 s~! and
is significantly higher than that obtained from the analysis of
the four occultations.

To compare several models of the observed occultations,
we use the likelihood ratio test. The following three models
were chosen as “null” models: (1) the absence of the source
at the position of 3C 279, (2) the source with the flux of
~4.6 x 1077 photons cm™2 s~!, corresponding to the solar
disk flux (Abdo et al. 2011), and (3) complete transparency
of the solar disk to y-ray photons of 3C 279. The latter
corresponds to a source at the position of 3C 279 with flux of
~7.5 x 1077 photons cm~2 s~!. The alternative model assumes
a source at the position of 3C 279 with a free flux normalization,
which gives the flux (2.7 4 1.3) x 1077 photons cm~2 s~! above
100 MeV as described above.

The likelihood analysis described in Section 2.2 gives the TS
value 8.7 for a comparison of the 1st null and alternative models,
1.6 for the 2nd null and alternative models, and 9.1 for the 3rd
null and alternative models. The first TS value corresponds to
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the case that was already considered above. Since each of the
three null models represents a special case of the alternative
model, the probability distribution of the TS is approximately
a chi-square distribution with one degree of freedom—the
difference between the numbers of free parameters of the null
and alternative models. Therefore, the 1st model, with no source,
and the 3rd model, which assumes a complete transparency of
the solar disk, can be ruled out with the confidence level of 3o.
Instead, the 2nd model with the source flux, corresponding to
that of the solar disk, agrees with the alternative model within
1.50. Note that the solar disk flux used in the 2nd model was
taken from the analysis of the first 18 months of the Fermi-LAT
mission (Abdo et al. 2011) corresponding to the solar minimum.
Since the solar disk flux is expected to decrease during the period
of increased solar activity, the emission from the solar disk taken
over a longer time interval should be weaker than that measured
in 2008-2009 and would provide a better description of the data.

3. OUTLOOK

In this section, we compare different techniques for the pair
halo search and discuss constraints on the coupling constant
between photons and axions that can be obtained from the solar
occultation experiment.

3.1. Pair Halo Search for 3C 279

A pair halo is a putative extended y-ray source around an
AGN (Aharonian et al. 1994). Pair halos have not been detected
yet; the Fermi-LAT Collaboration reported only an upper limit
(Ackermann et al. 2013) so far based on the stacked analysis of
low- and high-redshift BL Lac AGN and the TeV blazars.

Fairbairn et al. (2010) proposed a method to search for
emission from a pair halo by using the solar disk to screen
out the direct emission from a bright AGN. In order for this
method to provide a lower background for searches the solar
disk must be less bright than the AGN. However, the Sun itself
is a bright y-ray source (Abdo et al. 2011); consequently for
3C 279 a more sensitive search for a pair halo can be made by
studying time intervals when the source is in a low state.

In the presented analysis of 3C 279 during its low flux
state, we use the binned likelihood analysis. We consider
a region of 30° radius centered at 3C 279 (the ROI). All
of the 2FGL sources were included in the model. Besides
3C 279, the sources with a free normalization for fitting
include 2FGL J1313.0—0425, 2FGL J1229.1+0202, 2FGL
J1231.2—1411, 2FGL J1239.5+0443, 2FGL J1332.0—0508,
2FGL J1246.7—-2546, 2FGL J1126.6—1856, 2FGL J1224.9+
2122, 2FGL J1311.7—3429, and Galactic and isotropic
templates.

The spectral-spatial model includes a putative pair halo
source. The latter is modeled as an extended disk source with
a radius of 1°5 at 500 MeV, where the radius is scaled with
energy as 1/ E (see, e.g., Neronov & Semikoz 2009). Taking into
account the energy-dependent angular size of a pair halo source
and the Fermi-LAT PSF, we select the energy range for this
analysis from 500 MeV-100 GeV with 23 logarithmic energy
bins. Although, there is a significant uncertainty in models
predicting the angular size of the pair halos around a blazar, the
angular radius of 125 at ~500 MeV is a reasonable assumption.
This also allows for a clear discrimination from a point source
given the Fermi-LAT angular resolution.

We analyzed the light curve of 3C 279 to search for time
intervals when the flux from the blazar was low compared to
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that from the solar disk as reported in Abdo et al. (2011). The
analysis shows that the blazar flux was low between 2012 March
14 and 2013 April 18. The Fermi-LAT observations during this
time interval result in upper limits on the blazar flux for the most
of the week-long intervals analyzed. For time intervals when
3C 279 was detected, the average flux in the low-flux state was
F(E > 500MeV) = (1.6 £ 0.1) x 10~8 photons em 257!

Performing likelihood analysis for week-long intervals (as in
Section 2.2), we compare the models including a point source
and a disk source (without a point source) at the position of
3C 279. The interval is 58 weeks between 2012 March 14 and
2013 April 18. The spectral parameters of the sources in the ROI
correspond to those in the 2FGL catalog. The normalization
of the flux is a free parameter in both analyses. The model
involving a point source provides a higher likelihood value and
the difference of the log-likelihood values is dIn L = 34.5.
Thus, the relative likelihood of the model with a disk source,
with res;l)gzct to the model with a point source, is exp(—d In L) =~
1 x1077.

Using the model that includes both the point and disk sources
at the position of 3C 279, we computed the one-sided 95%
confidence level upper limit on the pair halo flux. We found that
the upper limit equals 3.3 x 10~? photons cm~2 s~! for energies
greater than 500 MeV. This value is significantly lower than that
obtained from the interpolation of the flux observed during the
occultations, F(E > 500 MeV) = 5.4x 1078 photonscm=2s~!.

Since the calculated 95% flux upper limit is lower than that
obtained from the interpolation of the flux observed during the
four occultations, we conclude that the method of studying
the pair halo around 3C 279 based on observations of low
flux blazar states is preferred over the method that uses the
four occultations that happened during the solar minimum
conditions. The solar minimum conditions correspond to higher
fluxes of Galactic protons and electrons and thus the emission
from proton cascades in the solar atmosphere and from IC
scattering of CR electrons off solar photons is correspondingly
brighter.

3.2. Axion—Photon Coupling

We re-examine the constraints on the coupling con-
stant between photons and axions, g, as a function of
axion mass, m,, that can be obtained from the solar
occultation experiment. Note that there are two limitations on
the results of the solar occultation experiment. The first comes
from the setup of this experiment and is determined by the
strength of solar magnetic fields, the plasma density, and the
size of the photon—axion conversion region. This limitation is
unavoidable and is discussed in the Appendix. The second is
due to the sensitivity of the detector and is determined by the
number of counts in the direction of the Sun detected during
occultations of 3C 279.

To calculate the probability of observing a fraction of photon
flux from 3C 279 that has passed through the Sun, one needs
to make an assumption on the photon-axion ratio for the
beam entering the Sun. Following Fairbairn et al. (2007),
we assume that the beam incident from the blazar has a
photon/axion ratio of 2:1. Since only photons polarized parallel
to the magnetic field mix with axions, and the three-dimensional
magnetic field configuration is inhomogeneous, an efficient
photon—axion conversion would cause an average depletion of
66% of the initial photon beam (see, e.g., Mirizzi et al. 2008).
To derive the constraints on the coupling constant from the
solar occultation experiment (see the Appendix), the statistical
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error on the observed photon flux should be significantly
smaller than 33% of the initial photon flux from 3C 279. The
statistical error on the photon flux observed during the four
occultations is AFyy = 1.3 x 1077 photons cm 2 s~ and
is significantly smaller than the summed exposure-weighted
flux, (7.5 £ 0.8) x 107 photons cm~2 s~!, from the Sun
and 3C 279 measured just before and after the occultations.
One third of the average flux for the four intervals considered
together is 2.5 x 10~/ photons cm™2 s~! and is larger than
the statistical error AF,,;. However, the contribution from the
Sun (Abdo et al. 2011) to the summed flux is significant,
~4.6 x 1077 photons cm™2 s~!, and this does not allow us
to constrain the coupling constant yet.

An analysis of the daily light curve of 3C 279 during the
first five years of the Fermi-LAT mission shows that the blazar
flux at E > 100 MeV exceeds 10~° photons cm™2 s~! on
approximately 10% of the days. We performed 1000 simulations
of a pointed observation of a solar occultation of 3C 279 (about
8.5 hr each) assuming the Sun to have the solar flux reported
by Abdo et al. (2011). By means of the likelihood analysis of
each simulated data set and applying the optimization algorithm
NEWMINUIT, we found that the average statistical error of the
measurement is ~1.7 x 1077 photons cm™2 s~! and is less than
one third of the blazar flux at its high state. Therefore, the pointed
observation of the Sun during an occultation of 3C 279 when
the blazar flux is high should constrain the coupling constant.

4. DISCUSSION AND CONCLUSION

We found that 13 point-like y-ray sources from the 2FGL
catalog (Nolan et al. 2012) are occulted by the Sun, which
include 3C 279, PKS 1437—153, EGR J1800-2328, LAT
PSR J1809-2332, PKS 2335—-027, GB6 J0708+2241, TXS
0723+220, BZB J0912+1555 and unassociated sources 2FGL
J0923.5+1508, 2FGL J1624.2—2124, 2FGL J1727.8—2308,
2FGL J2031.4—1842, 2FGL J2124.0—1513. Blazar 3C 279 is
the strongest source in this list, except EGR J1800-2328 and
LAT PSR J1809-2332, which are projected onto the Galac-
tic plane. Since the background emission from the Galactic
plane is significantly higher than that at high latitudes, 3C 279
(b = +57°) is best suited for observations of occultations.

A stacking analysis of the Fermi-LAT observations during
the occultations in 2008, 2009, 2010, and 2011 allows us to
detect a point-like source at the position of 3C 279 with flux
of (2.7 £ 1.3) x 107 photons cm™2 s~! above 100 MeV and
significance of ~3c. This flux is consistent within the lo
uncertainties with the flux of the solar disk Fy(>100 MeV) =
(4.641.0) x 1077 photons cm~2 s~!, thus providing no evidence
of excess emission.

A stacking analysis of observations during the intervals before
and after each occultation yields the exposure-weighted flux of
(7.5£0.8) x 1077 photons cm™2 s~!. This flux was interpreted
as the sum of the fluxes from the solar disk and 3C 279. A
likelihood ratio test rules out a complete transparency of the
solar disk at the confidence level of 30. This is the first direct
evidence of the opacity of the solar disk to y-rays from 3C 279.

Using the reanalysis of the EGRET data by Orlando &
Strong (2008), it is possible to rectify the results by Fair-
bairn et al. (2007). The reanalysis of the EGRET data for
a period from 1991 October (near the solar maximum) to
1995 June (close to the solar minimum) yielded the integral
flux from the solar disk of Fy3(>100 MeV) = (1.8 &+ 1.1) x
10~7 photons cm~2 s~!. Using this flux one can estimate the
emission excess found for the occultation of 3C 279 in 1991.
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We found that the corrected excess flux during the occultation is
SF(>100MeV) = (4.4"%%) x 1077 photons cm~2 s~ !, which is
only ~1o significance. This result is consistent with our analysis
of the Fermi-LAT data.

The main motivation of the analysis described in this paper
is a search for new physics, not necessarily axions or pair
halos. It demonstrates the feasibility of the technique that can
be used for the analysis of solar occultations in the future,
but the statistics collected at present do not yet allow for the
detailed interpretation of the result beyond a simple statement
that the observed flux is consistent, within the 1o uncertainties,
with the flux of the solar disk. The combined exposure of
the survey-mode observations of the four blazar occultations
is ~32 x 10° cm? s, which is nearly equivalent to a single
pointed observation of the occultations of 3C 279 by Fermi. If
the occulted blazar is in high state and the Sun is in low state
(corresponding to the solar cycle maximum), a single pointed
observation of the occultation would be enough to put tighter
constraints on the opacity of the solar disk to y-rays from
3C279.
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APPENDIX

The Lagrangian density for axions coupling to a magnetic
field is given by (for a review, see Mirizzi et al. 2008):

1 -
L= —ZgFWF’“’a = gEBa, (A1)

where a is the axion field, F'is the electromagnetic field-strength,
F is its dual, E is the electric field, B is the magnetic field,
and g is the axion—photon coupling with dimensions of inverse
energy. The mixing term, F,, F"’q, involves two photons, one
of them corresponding to an external field. Henceforth, we use
the Lorentz—Heaviside (LH) system of units with i=c=1 and a
fine structure constant o = e? /4w = 1/137.

The probability of axion—photon conversion was derived by
Raffelt & Stodolsky (1988) and Anselm & Uraltsev (1982).
We use its parameterization given in Gnedin et al. (2007) and
Hooper & Serpico (2007):

1 1
Py, <> a) = T sin’ <§BgL\/l +x2) , (A2)
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where x = (¢ — 1)w/2Bg, w is the photon frequency, € is
the dielectric function of the solar medium where the light is
propagating, B is the magnetic field component perpendicular to
the photon direction, and L is the size of the conversion region.

For the dielectric function of the medium, one can write:
m? — o2

e—1= o (A3)

2
where w, = +/4man./m. is the effective plasma frequency,
n, is the total electron number density including both free and
bound electrons, and m, is the electron rest mass. y-rays interact
with free and bound electrons resulting in an increase of the
effective plasma frequency. Here, we neglected the contribution
of polarizability of vacuum, which is important only for very
strong magnetic fields such as near a neutron star or a magnetic
white dwarf.

As can be seen from Equation (A2), the mixing between
photons and axions is maximal when the parameter x =
(m? — a)gl) /2wBg is small. This condition is fulfilled when the
photon frequency, w, is high or when the conversion takes place
in the resonant region with wy ~ m, (e.g., Fairbairn et al.
2007). An appreciable, significant conversion also requires that
the argument of the oscillatory function in Equation (A2) is
not small, i.e., (1/2)BgL = 1. These two cases, when the
conversion probability is high, could be expressed as:

1. non-resonant

m?/QwBg) < 1
% /QwBg) < 1

1
5BgL >1 (A4)

2. resonant

(m; — wpy)/QwBg) S 1

a

1
SBsLZ 1. (A5)

Therefore, the conditions for the non-resonant case are fulfilled
when g 2 max{mg/(ZwB), a)gl/(2a)B), 2/(BL)}.

It is useful to introduce the dimensionless quantities: Bg =
B/Gauss, Lym = L/Mm, mpey = m,/meV, and ns =
ne/(10" cm™3), where the scales are typical for the solar
occultation experiment.”> Note that in the LH units, 1 G =

55 We assume that the conversion of photons to axion-like particles and vice
versa takes place in the upper layers where the absorption of y-rays can be
neglected.
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0.069 eV?, and 1 cm = 5.07 x 10* eV~!. Thus, the system
Equation (A4) can be rewritten as (w = 100 MeV):

2272 x107"(m? . /Bg) eV~
¢ >1.0x1073(n;5/Bg) eV™!
2257 x 107 (BgLym) ' eV, (A6)

see also Fairbairn et al. (2007). For the resonant case, only the
last inequality in the system Equation (A6) is required. Note that
the limit on the coupling constant is inversely proportional to
the magnetic field strength and, therefore, the region of higher
magnetic field strength, ~100 G, provides better constraints.

At sufficiently low values of the axion—photon coupling,
which still allow photons to be efficiently converted to axions
in the upper layers of the Sun, the effects associated with the
passage of axions through the inner layers of the Sun, such as
the conversion of axions to photons (with immediate absorption
of photons) and the decrease in the axion flux, are small (see
Fairbairn et al. 2007).
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