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The Sun emits copious amounts of photons and neutrinos in an approximately spatially isotropic 
distribution. Diffuse γ -rays and ultra-high energy (UHE) neutrinos from extragalactic sources may 
subsequently interact and annihilate with the emitted solar photons and neutrinos respectively. This will 
in turn induce an anisotropy in the cosmic ray (CR) background due to attenuation of the γ -ray and UHE 
neutrino flux by the solar radiation. Measuring this reduction, therefore, presents a simple and powerful 
astrophysical probe of electroweak interactions. In this letter we compute such anisotropies, which at 
the Earth (Sun) can be at least � 5 × 10−3 (1)% and � 1 × 10−16 (2 × 10−14)% for TeV scale γ -rays and 
PeV scale UHE neutrinos respectively. We briefly discuss observational prospects for experiments such as 
the Fermi Gamma-Ray Space Telescope Large Area Telescope (Fermi LAT), High-Altitude Water Cherenkov 
(HAWC) detector, The Large High Altitude Air Shower Observatory (LHAASO), Cherenkov Telescope Array 
(CTA) and IceCube. The potential for measuring γ -ray attenuation at orbital locations of other active 
satellites such as the Parker Solar Probe and James Webb Space Telescope (JWST) is also explored.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

The extragalactic background is a superposition of all radiation 
sources, both individual and diffuse, from the edge of the Milky 
Way to the edge of the observable universe, and is thus expected 
to encode a wide range of phenomena [1,2]. It is broadly com-
prised of electromagnetic radiation and neutrinos which have a 
characteristic energy density and spectrum. Contributions are guar-
anteed from established extragalactic γ -ray source classes such 
as active-galactic-nuclei (AGN), star-forming galaxies, and γ -ray 
bursts [3]. It provides a non-thermal perspective on the cosmos, 
which is also explored by the cosmic radio background, extragalac-
tic cosmic rays (CRs), and neutrinos.

The electromagnetic component often referred to as the extra-
galactic background light (EBL) is the total integrated flux of all 
photon emission over cosmic time [4–6]. This EBL is dominated 
energetically by thermal relic radiation from the last scattering 
surface observed as the cosmic microwave background (CMB). Dif-
ferent physical processes characterize the EBL in each waveband: 
starlight in the optical, thermal dust emission in the infrared, and 
X-ray emission from AGN [7].

Similarly, for neutrinos, the high energy frontier is expected to 
be especially rich, with neutrinos from baryonic accelerators (γ -
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ray bursts, AGN, etc.) extending up to about � 100 GeV [8]. At even 
higher energies, the ultra-high energy (UHE) regime will exhibit 
cosmogenic neutrinos and may even reveal the presence of topo-
logical defects, which could emit neutrinos via a variety of energy 
loss channels [8]. For sources far beyond the gamma ray horizon, 
neutrinos may be the only probe because, even at the highest 
energies, they propagate freely up to cosmological distances. The 
observation of UHE particles such as photons, ions, and neutrinos 
provides critical information on astrophysical systems as well as 
the mechanisms of charged particle acceleration in these systems.

Since there is significant contamination from foregrounds, di-
rect measurements of the EBL and neutrino background are dif-
ficult, necessitating the use of indirect observational or theoret-
ical determinations to obtain an estimate of emitter populations 
[9]. Exotic contributions, such as those resulting from a possible 
connection between dark matter and Standard Model (SM) parti-
cles, may be present in addition to astrophysical emissions. This 
possibility was recently considered in Ref. [10]. Here the axion, 
a pseudo-Nambu-Goldstone boson initially proposed to solve the 
strong-CP problem—and axion-like particles (ALPs) were consid-
ered as a dark matter candidate. The ALP can decay into two pho-
tons based on the ALP-photon coupling and can contribute to the 
EBL. γ -ray attenuation is sensitive to multi-eV ALP decays through 
their contribution to the EBL [11–13]. Hence, additionally suppres-
sion of the γ -ray background due to the Sun as discussed in this 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
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work, could also affect constraints on dark matter candidates such 
as ALPs in the event of significantly improved flux resolution.

The interaction between the CMB and the cosmic neutrino 
backgrounds with γ -rays and UHE neutrinos and the subsequent 
CR anisotropies have been studied in detail [14–18]. Here, we will 
focus on a qualitatively different phenomena, computing instead 
the local anisotropy in the γ -ray and UHE neutrino background 
due to photon and neutrino emission from the Sun. A simple at-
tempt at estimating the extinction of γ -rays due to sunlight was 
made in Ref. [19]. However the blackbody energy spectrum of the 
Sun was not included and the optical depth was estimated locally 
instead of being integrated over the entire region of the solar sys-
tem where the sunlight and γ -rays are interacting. Additionally, 
the optical depth as a function of γ -ray energy or the observation 
angle from Earth relative to the Sun was not studied nor was the 
feasibility of probing the effect with γ -ray telescopes.

Here, we will include these effects and also consider the neu-
trino analogue whereby solar neutrinos annihilate with UHE an-
tineutrinos or vice versa. We discuss the prospects for measuring 
the predicted γ -ray anisotropies with both space and ground-
based experiments such as the Fermi Gamma-Ray Space Tele-
scope Large Area Telescope (Fermi LAT), Cherenkov Telescope Array 
(CTA), the Large High Altitude Air Shower Observatory (LHAASO) 
as well as the High-Altitude Water Cherenkov (HAWC) experi-
ment. We then discuss the possibility of measuring UHE neutrino 
anisotropies with the IceCube experiment. We also predict the 
expected attenuation at the Parker Solar Probe and James Webb 
Space Telescope (JWST) orbits and review the possibility of mea-
suring EBL suppression due to the Sun at these locations in the 
future. Complete understanding of these anisotropies within the 
SM will enable constraints on beyond the SM models containing 
new states that could cause attenuation of the EBL or UHE neu-
trino background. In this letter, we will first outline the photon-
photon and neutrino-antineutrino annihilation cross sections, then 
compute the optical depths and finally discuss experimental con-
sequences. We will use natural units (where h̄ = c = kB = 1).

2. Annihilation processes

2.1. Cross sections

We will first consider the cross section for two photons annihi-
lating into an electron-positron pair. For a γ -ray with energy Eγ , 
the annihilation cross section for the process γ γ → e+e− [20–22]
with a solar photon γ� of energy Eγ� is given by

σγγ (β) =3σT

16
(1 − β2)×

×
[

2β(β2 − 2) + (3 − β4) log

(
1 + β

1 − β

)]
, (1)

where σT = 8π
3

(
α

me

)2 = 6.652 × 10−25 cm2 is the Thomson scat-

tering cross section, α is the fine structure constant, me is the 
electron mass and a dimensionless kinematic factor is defined β =√

1 − Eth/Eγ . Where the threshold energy for electron-positron 
pair production is given by

Eth = 2m2
e

Eγ�(1 − cos θ)
. (2)

In this expression θ refers to the scattering angle between the γ -
ray and the solar photon. The threshold energy of the incident γ -
ray for this process to occur when annihilating with a photon of 
energy Eγ � � 0.5 eV (like the effective temperature of the Sun) is 
at least � 0.5 TeV. Observing the bottom panel of Fig. 1, we see 
2

Fig. 1. In the top panel we show annihilation cross sections in units of μb (mi-
crobarns) for γ γ (cyan) and resonant νν̄ (blue) as function of the incident γ -ray 
or ultra-high energy neutrino respectively. We take Eγ� = 0.5 eV and Eν� = 0.53
MeV since these are typical energies for photons and neutrinos being emitted by 
the Sun. In the bottom panel we show the dependence of the annihilation cross 
section in b (barns) on the incident angle between the scattering photons for two 
energies Eγ = 1, 10 TeV while fixing Eγ� = 0.5 eV.

that the scattering angle between the photons at which the cross 
section is maximised is highly dependent on the incident energy 
of the high energy γ -ray. Note that we will not consider higher 
order processes such as γ γ → e+e−e+e− since at high energy, the 
cross section approaches a relatively constant 6.5 μb [23] which is 
much lower than the leading order process unless Eγ � 108 TeV. 
Annihilation of photons into other final states such as μ+μ− or 
π+π− are subdominant at the scales of interest in this work.

For the neutrino channel, the resonant neutrino-antineutrino 
annihilation into a fermion-antifermion, νν̄ → Z 0 → f f̄ occurs via 
the s-channel. It has Breit-Wigner shape and can be written [8,14]

σ R
νν̄ (p,k) = G F 	mZ

2
√

2k2 pEν�

s+∫
s−

s(s − 2m2
ν)

(s − m2
Z )2 + ξ s2

ds, (3)

where the Fermi constant is G F = 1.16637 × 10−5 GeV−2 [24]. The 
light neutrino mass is set to mν = 0.08 eV and we define a dimen-
sionless ratio ξ = 	2/m2

Z , where 	 = 2.495 GeV is the decay width 
of the Z boson with mass mZ = 91.1876 GeV [24]. The UHE neu-
trino has 4-momentum kμ = (Eν, k) while the solar neutrinos have 
pμ = (Eν�, p), hence it follows from the usual relativistic energy-

momentum relation that k = √
E2
ν − m2

ν and p =
√

E2
ν� − m2

ν . The 
centre-of-mass energy is s = (pμ + kμ)2 � 2m2

ν + 2k · (Eν� ± p)

since Eν � k at high energy. Also, we have k · p = pk cos θ . Hence 
the integration limits in Eq. (3) are defined s± = 2m2

ν +2k(Eν� ± p)

corresponding to θ = 0 and θ = π respectively.
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Fig. 2. Representation of coordinate system showing radial variable r where the ex-
tragalactic background photons and neutrinos interact with solar photons γ� and 
neutrinos ν� . r′ is the position at which we want to compute observable optical 
depth.

We plot the resulting cross sections for photon-photon and res-
onant neutrino-antineutino annihilation as a function of the inci-
dent cosmic ray particle energy in Fig. 1. We fix Eγ � = 0.5 eV and 
Eν� = 0.53 MeV respectively since these are the typical energies of 
photons and neutrinos being emitted from the Sun. The maximal 
cross section of σγγ � 1.7 × 105 μb for γ γ occurs at Eγ � 1 TeV 
while for νν̄ it occurs at Eν � 4 × 103 TeV at σ R

νν̄ � 4.8 × 10−2μb.
There are also non-resonant contributions, which include sev-

eral other channels with final states such as νν → νν̄, ll̄, W W , Z Z
and Zh [25,26], which we can approximate in total as in Ref. [15]
with

σ N R
νν̄ � σ he

νν̄

1 + Er/E
, (4)

where Er = m2
Z

2mν
and σ he

νν̄ = 8.3 × 10−4 μb. This is significantly 
smaller than the resonant contribution below Eth so we can safely 
omit these contributions when considering UHE neutrino scatter-
ing in the regime of interest.

2.2. Optical depth

The radiation spectrum of the Sun can be approximated as 
a blackbody. The peak wavelength is around 500 nm. In natural 
units, we get the differential luminosity per unit energy to be [27]

dL�
dEγ�

= 4π R2�
1

2

4π

(2π)3

E3
γ�

e
Eγ�
Teff − 1

, (5)

where the prefactor of 1/2 is to count only out going modes of 
the blackbody spectrum and the factors that follow to the right in-
clude the boson phase space and Bose-Einstein occupation number, 
Teff = 5780 K is the effective blackbody temperature of the Sun 
[28] and R� is the solar radius. We can show a visual representa-
tion of the Sun-Earth-EBL(UHE ν) system in Fig. 2. There are non-
thermal sources of electromagnetic radiation from the Sun, such as 
X-rays and γ -rays from solar flares, X-rays and radio waves from 
coronal mass ejections, Sun spots and solar prominences. However, 
since the spectrum is dominated in intensity by sunlight, we will 
focus on this moving forward. From here we can easily compute 
the differential photon number density per unit energy of the Sun 
at a distance r from the solar core with

dnγ�
dEγ�

= 1

4πr2 Eγ �
dL�
dEγ�

. (6)
3

Note that there is an additional factor of c in the denominator 
which is omitted since c = 1 in natural units.

From here we may now turn our attention to calculating the 
optical depth associated with a CR photon travelling an arbitrary 
distance through a background of sunlight. The differential optical 
depth per unit energy is given

dτγ

dEγ�
=

∞∫
r′

dnγ�
dEγ�

σγγ (Eγ , Eγ� , θ)dr, (7)

where we use (1) for σγγ and r′ is the radial position at which we 
want to determine the γ -ray optical depth. Integrating over the 
solar photon energy to obtain the optical depth

τγ =
∞∫

Eth

dτ

dEγ�
dEγ� . (8)

We may also integrate the optical depth along the line-of-sight to 
obtain the dependence of the attenuation and the angle �, where 
� = 0 is in the direction pointing directly towards the Sun from 
Earth (where the γ -ray background would be collinear with sun-
light) and � = ±π is pointing directly away from the Sun (where 
γ -rays would annihilate head on with sunlight). Note that θ is the 
scattering angle between incident photons, but � is the elonga-
tion angle at which observations from Earth would be performed. 
We may now plot the resulting optical depth due to the annihi-
lation process as shown in Fig. 3 as a function of Eγ for a fixed 
angle of θ = ±π (head-on collision) as well as the optical depth as 
a function of elongation angle relative to the Sun � for three rep-
resentative energies Eγ = [0.5, 1, 10] TeV. For observational pur-
poses, (i) lower Eγ values and (ii) larger angles of |�| (pointing 
away from the Sun) are more relevant since the (i) flux uncertain-
ties associated with γ -rays in this regime are lower and (ii) TeV 
photons from the solar corona at small � would be a very large 
background, potentially obscuring the observation of γ -ray atten-
uation. For this reason, we will conservatively focus our discussion 
on attenuation for Eγ around a TeV at � = ±π . We also note that 
at small |�|, there will be a large component of γ -rays resulting 
from a spatially extended component of the solar emission due to 
the inverse Compton scattering of CR electrons off solar photons 
[29], this would make small effects like the one considered here 
difficult to resolve. However, it should also be noted that such a 
contribution is focused within a few degrees of the Sun and be-
comes insignifcant for elongation angles |�| � 20◦ [29]. We show 
the optical depth at the solar surface and at Earth (for � = ±π ) 
in cyan and blue in the upper panel of Fig. 3 respectively. The 
maximal optical depth is around the threshold energy for the re-
spective scattering angle. In the first case, the γ -ray photons must 
traverse through the sunlight till the surface of the Sun and in 
the second, the γ -ray must travel through a much lower number 
density of solar photons from beyond the Earth and Sun towards 
the Earth’s surface. Unsurprisingly, of the two scenarios shown, 
the optical depth is maximised at the solar surface at around 
τγ = 1.1% since the γ -rays interact with a much larger number 
density of photons in this region. At Earth, the optical depth is 
around τγ = 5.1 × 10−3% for Eγ = 0.5 TeV at angles of � = ±π
as shown in the bottom panel of Fig. 3. In Ref. [19], the optical 
depth is estimated at 7% at the solar surface and 3.3 ×10−2% at the 
Earth. In both cases, the estimate is noticeably different than what 
we obtain here. This is unsurprising since the energy distribution 
and radial dependence of the solar photons was not included or 
integrated over like here. We note that at elongation angles more 
focused around the Sun such as � = ±π/4, the optical depth os 
observed from Earth is unsurprisingly larger, by around a factor of 
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Fig. 3. In the top panel we show the percentage optical depth τ shown as a function 
of incident γ -ray energy in TeV. We show two scenarios, one is at the solar surface 
r′ = R� (cyan) and the other is at Earth r′ = 1 AU for elongation angle � = ±π
(blue). In both cases we take a scattering angle of θ = π . In the bottom panel, we 
show percentage optical depth at Earth as a function of elongation angle � for three 
representative γ -ray energies, Eγ = 0.5 TeV (cyan), Eγ = 1 TeV (blue) and Eγ = 10
TeV (purple).

2 (relative to � = ±π ) at 12 × 10−3% for Eγ = 0.5 TeV. This is due 
to the larger density of solar photons the EBL γ -rays can interact 
with while travelling to Earth. However, as mentioned earlier, we 
will focus on the minimal optical depth at � = ±π to be conser-
vative in the remaining discussion. We also note that the γ -rays at 
1 TeV have a very slightly larger optical depth than at 0.5 TeV for 
smaller elongation angles because of the threshold energy require-
ments set by the incident γ -ray energy and shape of the thermal 
spectrum of the Sun. For incident 10 TeV γ -rays, the attenuation 
is appreciably lower because as mentioned above, the maximal op-
tical depth occurs around the threshold energy, and the number 
density of solar photons that satisfy the threshold energy corre-
sponding to an incident γ -ray of 10 TeV is much lower (lying in 
the low energy tail of the thermal spectrum rather than around 
the peak). The attenuation is the same for positive and negative 
� simply due to spherical symmetry of the process as observed at 
Earth.

For UHE neutrino annihilation, we first require the solar neu-
trino luminosity which can be approximated Lν� = 0.023L� where 
L� � 4 × 1033 erg/s is the total luminosity of the Sun [30]. We can 
approximate the neutrino number density at a distance r with

nν�(r) = 1

4πr2

Lν�
Ēν�

, (9)
4

taking Ēν� = 0.53 MeV as the average neutrino energy emitted by 
the Sun [30]. Now we may compute the approximate optical depth 
τν , for a high energy neutrino incident upon a solar neutrino

τν =
∞∫

r′
nν�(r)σνν̄dr, (10)

using the maximum resonant neutrino annihilation cross section 
(at 4 PeV from Fig. 1 and Eq. (3)), we get τν = 1 × 10−16% at Earth 
and 2 × 10−14% at the solar surface.

3. Results and discussion

Considering the Fermi LAT experiment [31], we see that the 
highest energy bin is 580-820 GeV. The reported intensity for this 
bin is � (9.7 ± 6.0) × 10−12 cm−2 s−1sr−1. If we consider that the 
intensity will be similar at 1 TeV, then we may multiply by the 
operating time of 1239 days, the angular coverage of 2.4 sr and 
an effective area of 8000 cm2 [31] to get 20 γ -ray events. Mul-
tiplied with the optical depth at Earth from Section 2, we get a 
reduction of � 3 × 10−4 events. This is substantially below unity, 
so unless there is a factor of � 104 improvement in event count, 
it is unlikely that Fermi LAT will be able to register any reduc-
tion in events. Furthermore, Fermi LAT has a flux uncertainty of 
� 60% for γ -rays at such high energy this makes small effects of 
attenuation difficult to discern. The CTA is expected to become the 
largest and most sensitive observatory for very-high-energy γ -rays 
in the energy range from 20 GeV to more than 300 TeV. CTA will 
be capable of detecting γ -rays from extremely faint sources with 
unprecedented precision energy and angular resolution. CTA South 
is projected to have a peak differential energy flux sensitivity of 
around E2

γ
d

dEγ
� 10−13 erg cm−2 s−1 with an energy resolution of 

about 5% and angular resolution of about 0.05◦ for 1 TeV pho-
tons [32]. For Eγ = 1 TeV and over a 4π angle, this corresponds 
to a differential flux sensitivity of � 5 × 10−15 cm−2 s−1 sr−1. This 
is � 3 orders of magnitude better flux resolution than Fermi LAT. 
This suggests that one could hope for � 3 × 10−2% γ -ray flux res-
olution at TeV scale. This would perhaps be the most promising 
way to test attenuation of γ -rays due to sunlight, which as we 
calculated earlier, is of the order of 10−3% at Earth. Therefore, CTA 
seems a hopeful candidate for achieving such a goal, however in 
this case, there could be systematic uncertainties associated with 
resolving such a tiny effect. This is because Imaging Air Cherenkov 
Telescopes (IACTs) like CTA have a narrow field of view and lo-
cal systematics like atmospheric conditions. By combining different 
subsets of telescopes and pointing directions, CTA will be able to 
cover a large fraction of the Galactic plane with varying sensitivity 
and resolution. This could be effective for studying γ -ray attenu-
ation at elongation angles away from the Sun. But, CTA will still 
be limited at probing elongation angles close to the Sun, as it will 
only record data at night.

The High Altitude Water Cherenkov Observatory (HAWC), com-
pleted in early 2015, has been used to observe the Crab Nebula 
at high significance across nearly the full spectrum of energies to 
which HAWC is sensitive. HAWC’s sensitivity improves with the 
γ -ray energy. For Eγ � 1 TeV the sensitivity is driven by the 
best background rejection and angular resolution ever achieved 
for a wide-field ground array. The total uncertainty at 1 TeV for 
HAWC in this measurement according to Ref. [33] appears to be 
around � 50% in total flux at 1 TeV. In the more recent Crab 
Nebula measurement Ref. [34] by HAWC, the flux uncertainty is 
significantly improved at TeV scale, the flux is measured to be 
(3.73 ± 0.07) × 10−11 and (3.63 ± 0.08) × 10−11 TeV cm−2 s−1 re-
spectively, depending on the energy resolution method used. This 
corresponds to a remarkable flux uncertainty of only � 2%.
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LHAASO, can measure the energy and arrival direction of the γ -
rays with high sensitivity and large effective area, and use them to 
probe the properties of the EBL, and thereby the solar attenuation 
effect described in this work. LHAASO has a larger effective area 
and a higher sensitivity for very-high-energy γ -rays than HAWC, 
especially in the multi-TeV and PeV range [35]. However, in both 
air shower detectors HAWC and LHAASO [36], their comparable 
flux resolution must improve significantly to probe solar attenu-
ation of γ -rays at TeV scale.

More recently, an all-sky measurement of the anisotropy in-
duced by cosmic rays travelling through our local interstellar 
medium and the interaction between the interstellar and helio-
spheric magnetic fields was performed [37]. The analysis was 
based on data collected by the HAWC and IceCube observatories in 
the northern and southern hemispheres at the same median pri-
mary particle energy of 10 TeV. In their sky maps, they determined 
the horizontal anisotropies to be � 10−2%. The vertical direction 
of the anisotropy was also determined to be of the same order. 
However it is important to note that this is for all cosmic rays, in-
cluding charged cosmic rays, not only γ -rays like we are interested 
here. In Ref. [38], they report an anisotropy of 8 × 10−2% at 2 TeV 
and to 14 × 10−2% at around 30 TeV, from cosmic rays once again. 
They state that TeV cosmic-ray anisotropy is primarily dipolar with 
amplitude � 0.1%, but also contains smaller scale structure with 
strength 10−2%. Improvements can be made with larger instanta-
neous sky coverage and longer uninterrupted observation periods. 
This would enable reduction in statistical uncertainties below the 
signal strength and to resolve features with large angular extent. 
To probe the solar attenuation of γ -rays, it is necessary to obtain 
anisotropy maps and flux resolution of γ -rays at the same level of 
sensitivity as for cosmic rays described above. This would require 
significant improvement in experimental design and analysis. Such 
improvements in sensitivity would be a significant step forward in 
understanding the effects of sunlight on γ -ray propagation.

In Ref. [19], γ -ray attenutation is compared with the dipole 
anisotropy measured by the Cosmic Background Explorer (COBE). 
This variation of � 0.12% results from the Earth’s orbital motion 
about the Solar system barycentre and strikingly lies between the 
EBL optical depths evaluated at the solar surface and Earth respec-
tively [39]. However, it is also important to note that the CMB 
dipole anisotropy is at a significantly different energy scale and is 
not impacted by the same statistical and systematic uncertainties 
of the γ -ray sky at TeV scale.

The radial position of the Parker Solar Probe which orbits very 
close to the Sun’s corona is around 9.86R� from the solar cen-
tre [40]. Supposing EBL measurements could be performed in this 
orbit, excellent extraction of γ -ray suppression could be discerned. 
In the case of an orbit with similar radial position to the JWST, 
which is situated at the L2 Lagrange point, we would get a smaller 
EBL optical depth τγ � 4.9 × 10−3% at Eγ = 1 TeV at � = ±π . 
This is almost the same as on Earth, but if γ -rays are recorded at 
L2, the Earth’s umbra would not interfere with the sunlight γ -ray 
interactions, which could provide a marginal improvement in the 
measurement.

For UHE neutrinos, in order to obtain optimistically large optical 
depths of τν = 1 × 10−16% at Earth and τν = 2 × 10−14% at the 
solar surface, we require energies of Eν = 4 PeV. It is unlikely that 
such anisotropies will be probed with experiments such as IceCube 
which only have O(1) event observations at PeV scale which is far 
too small to study such an anisotropy [41].

4. Conclusion

We consider suppression of diffuse extragalactic γ -rays and 
ultra-high-energy (UHE) neutrinos due to annihilation upon in-
teractions with large numbers of photons and neutrinos emitted 
5

locally by the Sun. The annihilation induces anisotropies in the 
extragalactic background light (EBL) at around a TeV with optical 
depths ofat least τγ � 1% and τγ � 5 × 10−3% at the surface of the 
Sun and at Earth respectively. Such anisotropies are a direct pre-
diction of Quantum Electrodynamics interactions and can only be 
probed with future γ -ray experiments such as Fermi LAT, HAWC, 
LHAASO and CTA, only if there is a significant improvement in the 
ability to measure flux and anisotropy resolution as well as reduc-
tion in systematic uncertainties.

HAWC has measured dipole anisotropies of � 10−2% due to cos-
mic rays travelling through the interstellar medium. We obtain an 
optical depth of � 2 × 10−3% at Earth with elongation angle ±π . 
At energies much higher, the annihilation cross section falls off 
appreciably as does the EBL flux. Measurements of the TeV EBL 
suppression at comparable elongation angles can be larger around 
the Parker Solar Probe orbit � 3.2 × 10−2%, while for telescopes at 
L2 such as the JWST, the anisotropy is smaller around 1.5 × 10−3%. 
New experiments at these locations in the Solar System with γ -
ray sensitivity could also probe EBL reduction. Experiments like 
HAWC and LHAASO would need to obtain sensitivities compara-
ble to cosmic rays for the much smaller subset of γ -rays for this 
effect to be resolved. On the other hand, CTA is expected to obtain 
flux resolution better than 0.1% for TeV γ -rays. This makes it an 
optimistic candidate to test the attenuation described in this work 
based on flux resolution, at elongation angles away from the Sun. 
However, even in this case, systematic uncertainties would need to 
be controlled to make the effect discernable. Hence we conclude 
that the comparisons in Ref. [19] of the γ -ray anisotropy with the 
CMB dipole anisotropy are overly idealized given the much greater 
experimental challenges associated with resolving the EBL at TeV 
scale described in the main body of this work.

In the case of ultra-high energy (UHE) neutrinos interacting 
with the solar neutrinos of average energy 0.53 MeV, we get much 
smaller optical depths. This is due to the smallness of the reso-
nant and non-resonant contributions to the neutrino-antineutrino 
annihilation cross section. Even the most optimistic scenario can 
produce anisotropies of 2 × 10−14% and 1 × 10−16% for a PeV scale 
UHE neutrino scattering off 0.53 MeV solar neutrinos at the solar 
surface and at Earth respectively. Since experiments such as Ice-
Cube have only obtained a few PeV neutrino events, probing such 
a small anisotropy seems highly unrealistic with current experi-
ments.

The result for diffuse γ -rays presents a theoretical opportu-
nity to study fundamental photon-photon interactions between 
isotropic background photons and thermal photons produced by 
the Sun in our neighbourhood of the universe. Although it seems 
unrealistic to probe such an attenuation with current telescopes, 
this result is an important SM effect and can be amplified with 
beyond the SM contributions in future works. We do not study the 
effects on non-diffuse background contributions in detail, but the 
calculated optical depths may easily be applied to these scenarios 
as well.
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Appendix A

The closed form solution for the resonant neutrino-antineutrino 
annihilation cross section in Eq. (3) is given by

σ R
νν̄ (p,k) = 2

√
2G F 	mZ

2kEν�

{
1

1 + ξ
+ m2

Z

4pk(1 + ξ)2
log

(
f+
f−

)

+ 1 − ξ

(1 + ξ)2

m3
Z

4pk	

[
tan−1(g+) − tan−1(g−)

]}
(11)

where ξ = 	2/m2
Z and

f± = 4k2(1 + ξ)(Eν� ± p)2 − 4m2
Z k(Eν� ± p) + m4

Z

g± = 2k(1 + ξ)(Eν� ± p) − m2
Z

	mZ
(12)
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