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We analyze 15 years of Fermi-LAT data and produce a detailed model of the Sun’s inverse-Compton
scattering emission (solar halo), which is powered by interactions between ambient cosmic-ray
electrons and positrons with sunlight. By developing a novel analysis method to analyze moving
sources, we robustly detect the solar halo at energies between 31.6 MeV and 100 GeV, and
angular extensions up to 45° from the Sun, providing new insight into spatial regions where there
are no direct measurements of the Galactic cosmic-ray flux. The large statistical significance of our
signal allows us to subdivide the data and provide the first γ-ray probes into the time variation and
azimuthal asymmetry of the solar modulation potential, finding time-dependent changes in solar
modulation both parallel and perpendicular to the ecliptic plane. Our results are consistent with (but
with independent uncertainties from) local cosmic-ray measurements, unlocking new probes into
astrophysical processes near the solar surface.
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I. INTRODUCTION

Despite being the preeminent object in our sky, the
Sun is not an active high-energy γ-ray source. Its γ-rays
reach only 4 GeV, and only during solar flares [1–8].
However, the Sun is an efficient passive source that
converts ambient Galactic cosmic rays into γ-rays. There
are two important processes. First, cosmic-ray protons
and helium nuclei can produce γ-rays via hadronic
interactions with gas on the solar surface [9–20].
Second, cosmic-ray electrons and positrons (hereafter,
eþe−, with electrons being dominant) propagating
through the heliosphere can inverse-Compton scatter

(ICS) sunlight to γ-ray energies, producing a diffuse
“Solar halo” [10,21–24].1
At high energies, the solar halo is easy to understand.

The cosmic-ray eþe− density is roughly homogeneous and
isotropic in the heliosphere. At very high energies
(> 10 TeV), the Larmor radius of these electrons is large
compared to the Solar System, and they essentially free-
stream. These eþe− upscatter solar photons that move
radially outward from the Sun with a density that falls with
the heliocentric distance as r−2. Convolving these densities
produces an r−2 γ-ray morphology, which, when integrated
over the line of sight, produces an azimuthally symmetric
flux density that falls with the angular distance from the
Sun as θ−1s .
There are two complications. The first is that the ICS

cross section is proportional to the sine of the angle
*Contact author: linden@fysik.su.se
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1Despite the fact that protons are much more abundant than
electrons in the heliosphere, they produce negligible inverse-
Compton emission because inverse-Compton scattering scales
with γ2, and the much heavier protons have relativistic velocities
that are smaller by a factor of 1000.
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between the solar photon and the eþe−. This, combined
with the fact that conservation of momentum requires that
the γ-ray travel in nearly the same direction as the eþe−,
significantly decreases the solar halo flux at angles near the
Sun. The second complication occurs at low energies,
where solar modulation induced by the heliospheric mag-
netic field decreases the eþe− density, decreasing the low-
energy ICS flux near the Sun.
While many γ-ray observations have probed the flux,

spectrum, morphology, and variability of the solar disk
across four decades in energy [25–32], there is only one
published analysis of the solar halo. In 2011, Ref. [25]
used 1.5 years of Fermi-LAT data to detect the halo,
finding that it extends between at least 0.1 to 10 GeV and
out to at least 15° from the Sun. To perform this analysis,
however, Ref. [25] cut 93% of the data to control the
astrophysical backgrounds, and thus was unable to care-
fully study the temporal, spectral, and morphological
properties of the halo.
In this paper, we significantly enhance our understanding

of the solar halo by using 15 years of Fermi-LAT data and a
radically new background model. We robustly detect the
solar halo at energies between 31.6 MeVand 100 GeV, and
out to 45° from the Sun, as shown in Fig. 1. Our precise

measurements closely match theoretical models of ICS in
the Solar System, allowing us to provide novel measure-
ments of solar modulation as a function of time, solar
distance, and azimuthal angle.
This paper is outlined as follows. In Secs. II and III we

detail our Fermi-LATanalysis and our models for the solar
halo. In Sec. IV we discuss the main results of our
analysis, while in Sec. V we probe the effect of solar
modulation, which is our most important theoretical
uncertainty. Finally, in Sec. VI we discuss the implications
of our results for our understanding of cosmic-ray propa-
gation in the heliosphere.

II. FERMI-LAT DATA ANALYSIS

The analysis of solar γ-rays differs markedly from typical
Fermi-LAT targets, due to the motion of the Sun across the
celestial coordinate system. In what follows, we detail the
unique modeling codes which were tailored specifically for
the analysis of moving sources. These codes have been
made publicly available,2 along with documentation detail-
ing their use.
We use exactly 15 years of Fermi-LAT data taken

between 4 August 2008 and 4 August 2023. We analyze
all UltraClean events (evclass=512) regardless of
their PSFclass (evtype=3). We ignore events with a
zenith angle exceeding 90° to remove Earth limb contami-
nation. We bin our data into 28 logarithmic energy bins
spanning between 31.6 MeV and 100 GeV.
To accurately model a moving source, we use a two-step

approach that converts both the Fermi-LAT data and
exposure into helioprojective coordinates, which is a
coordinate system centered on the Sun and defined such
that Tx is the angular coordinate that moves across the
Sun’s equatorial plane, with positive values corresponding
to the Sun’s west limb, and Ty is the coordinate that moves
from the Sun’s south pole toward its north pole. For events,
we use the exact timing information of each γ-ray, along
with its right ascension (RA) and declination (Dec), to
determine its helioprojective position.
Calculating the exposure in helioprojective coordinates

is more complex, because the Sun moves quickly across
the sky. Thus, we calculate the full sky exposure in
increments of one hour, eventually producing > 100; 000
exposure cubes using the gtexpcube2 command from
Fermitools (v. 2.1.30). Over each one-hour period, the
Sun moves approximately 360°=365=24 ∼ 0.04°, which is
small compared to the ∼0.5° region over which Fermi-LAT
exposures are typically binned. In each exposure, we
convert between the Geocentric Celestial Reference
System and helioprojective coordinate systems calculated
at the median time of the one-hour exposure. This allows us

FIG. 1. Spectrum (top) and morphology (bottom) of the ICS
halo surrounding the Sun in one representative angular bin (top)
and one representative energy bin (bottom), compared to simple
solar halo models that employ a force-field potential that is
equivalent for both electrons and positrons and are not fit to the
data. Data are shown for our “low-background map.” The solar
halo is robustly detected between 30MeVand 100 GeVand out to
45° from the Sun. We find a close match between our models
(colored lines) and the data.

2https://github.com/trlinden/fermi_solar_halo.
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to (with significant computational resources) robustly
calculate the solar exposure.
One complexity stems from the unique location of the

Sun in Fermi-LAT instrumental coordinates. The Sun is
almost always located within 3° of ϕ ¼ 0, where ϕ is the
azimuthal coordinate that wraps around the LAT boresight.
This markedly differs from any other celestial source,
which have relatively uniform distributions over 0° ≤ ϕ ≤
360° over any lengthy time period. This unique distribution
stems from the requirement that the Fermi solar panels,
which are fixed at ϕ ¼ 0, point toward the Sun. To account
for this, we use phibins=60 to calculate the Fermi-LAT
live-time cube, which accounts for the changing effective
area as a function of ϕ. Additionally, because many of these
skewing events (which aim the solar panels at the Sun)
occur quickly, we use the 1 s Fermi spacecraft (ft2) files
in our study. These alterations require significant compu-
tation, but affect our calculated exposure at the level of
1–2%, which can have important effects.

III. BACKGROUND MODELING

After the exposure and γ-ray count maps are calculated
in each one-hour period, we produce a model for the γ-ray
flux outside the Solar System. We use a powerful data-
driven γ-ray model first developed by our team in Ref. [29]
to study emission from the solar disk, and subsequently
Jupiter [33]. The key insight is that the Fermi-LAT has
observed the entire sky during periods when the Sun is at
other angular positions. This allows us to construct a
background map of the γ-ray flux in each celestial
coordinate without interference from the Sun. The pre-
dicted astrophysical background at the solar position is
obtained by calculating the background flux at each point
in RA and Dec, and predicting the number of astrophysical
events at each point in Tx and Ty based on the distribution
of RA and Dec exposures at each helioprojective coor-
dinate. We calculate the number of expected counts in each
Tx and Ty bin by summing over each one-hour exposure bin
as follows:

NbðTx; TyÞ ¼
X

RA;Dec

NoðRA;DecÞ
ϵðRA;DecÞ

×
X
t

ϵ�ðRA;Dec; Tx; Ty; tÞ; ð1Þ

where Nb is the number of events expected from the
astrophysical background in helioprojective coordinates,
No is the total number of events at each point in RA and
Dec calculated when the Sun was far away, ϵ is the total
exposure of each celestial coordinate during this time, and
ϵ� is the specific exposure in each 4D slice that corresponds
to a specific celestial and helioprojective coordinate at a
time bin t. Note that the second summation occurs over
each one-hour time bin, while the outer occurs over the

entire time period when the Sun is more than 60° away from
a given position in RA and Dec.
To calculate No and ϵ without interference from the solar

halo, we mask a 60° region around the solar position at each
time. We also mask a 20° region around the Moon, due to
the fact that the Moon is a bright low-energy γ-ray source
and has a unique spatial correlation with the Sun [34].
Then, we use this model to predict the γ-ray count map
from background photons within our target region of
interest (ROI), which consists of regions within 45° of
the solar position.

A. Additional cuts

In theory, this model would perfectly predict the γ-ray
flux from sources that are not the Sun and Moon. It might
include some emission from other Solar System bodies not
included in the analysis, but these have been found to be
negligible [33,35]. In contrast to the techniques used in
Ref. [25], this approach conserves nearly 100% of the
effective area in our model.
However, we find that this model does not perfectly

predict the background count map, and some residuals
remain. Excitingly, these residuals are only 1–2% of the
diffuse normalization through most of our energy range,
meaning that this data-driven diffuse model is significantly
better than any other diffuse model that has ever been used
for Fermi-LAT studies, which often have a fidelity of
∼10–20%. Unfortunately, because the diffuse γ-ray flux far
from the Sun has a much higher surface brightness than the
solar halo, this still significantly affects our results.
Moreover, because the Sun is a unique object, occupying
a singular position in ϕ-space, it is impossible to produce
blank sky studies to evaluate the performance of the
diffuse model.
There are several potential sources of systematic error in

our model. The first are variable sources, which may not
have the same flux during periods when the source is inside
or outside the ROI. Errors stemming from variable sources
appear as bright “streaks” across the ROI, owing to their
rapid motion from þTx toward −Tx in the helioprojective
frame. While this issue is certainly present, it is unlikely to
significantly affect our results for three reasons: (1) the
streaks from variable sources do not look like either halo or
disk emission and should not be picked up by the solar
templates, (2) there are just as many positive as negative
residuals due to sources that are brighter inside or outside
the ROI, and these tend to cancel, and (3) the Sun has
revolved through the celestial coordinate system 15 times
in our analysis, which means that the effect from single
outbursts will be reduced by the many rotations through the
ROI. In our solar disk analysis [29], these errors were
entirely negligible, while in our Jupiter analysis [33] (which
focused on a much dimmer source that only moved through
celestial coordinates once), we found that several bright
point sources near Jupiter needed to be removed to
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maintain the fidelity of our analysis at the very lowest
energies (≲100 MeV).
A second, potentially more nefarious, error may stem

from ϕ-dependent errors in the event reconstruction. A
similar error was uncovered by our group in Ref. [27],
which found that cosmic-ray backgrounds were slightly
enhanced in the range 1–3 GeV in locations near the Sun
compared to the rest of the sky. This systematic error was
then verified by Fermi-LAT Collaboration, and the cause of
the excess was found to be cosmic-ray electrons that leak
through the ribbons of the anticoincidence detector more
efficiently at angles normal to the LAT boresight (e.g.,
ϕ ¼ 0°, 90°, 180°, and 270°) [36]. This issue was signifi-
cantly diminished in the revised p305 dataset, but it is not
clear that the leakage has been entirely removed, or whether
there are additional ϕ-dependent issues that could affect the
analysis of the much-dimmer solar halo.3

Notably, both of these uncertainties scale with the
background flux. Thus, regardless of the origin of the
uncertainties, we can minimize their effect by cutting
regions with high astrophysical backgrounds, at the cost
of effective exposure.4 Such a decision is warranted so long
as the statistical uncertainties from the decreased exposure
are smaller than the systematic issues relating to the diffuse
analysis. In our default analysis we place the following
additional cuts: (1) we remove all photons that are observed
within 30° of the Galactic plane, or within 3° of a Fermi-
LAT 4FGL source that has either a γ-ray flux above 2 ×
10−9 ph cm−2 s−1 in the energy range 1–100 GeV, or a
variability index that exceeds 100. This includes 743γ-ray
sources. (2) We cut all time periods when the Moon lies
within 60° of the Sun, effectively removing any emission
from the Moon from our analysis. We note that, in the case
of the solar disk and halo models, these masks must be
integrated after the solar models are smeared by the
instrumental point-spread function, because while they
represent complete masks in the celestial coordinate sys-
tem, they are only partial masks in the heliocentric
coordinate system.
These cuts have the unfortunate effect of removing 81%

of the Fermi-LAT exposure and 92% of the γ-rays from our
study, but produce a map that has a significantly lower
background rate. We call this the “low-background map,”
and use this as the default analysis for our full 15 year time
window, when the size of the statistical sample is sufficient.
We show differences between this result and our “high-
statistics map,” which does not include these cuts, in
Appendix A, and utilize results from our “high-statistics
map” when looking for yearly time variations, when a
higher photon count is necessary.

B. Models of the solar halo

We construct theoretical models of the ICS γ-ray
intensity in the solar halo following the approaches in
Refs. [10,21–24], specifically Eqs. (1)–(7) in Ref. [23].
First, we integrate the ICS emissivity over the line of sight.
In our calculations, we use the anisotropic Klein-Nishina
cross section and treat solar photons as a blackbody, with a
number density described in Eq. (3) of Ref. [23]. We
assume that the local angular distributions of cosmic-ray eþ
and e− are isotropic at any location in the heliosphere. The
remaining quantity that needs to be modeled is the solar
modulation effect of cosmic-ray eþ and e− as they
propagate toward the Sun. We note that these electrons
and positrons can also produce synchrotron emission at
lower wavelengths [37], which has not yet been observed.
We use the force-field approximation to describe solar

modulation due to its simplicity and inclusion of energy
losses [38]. The force-field approximation is a steady-state
diffusion-convection equation evaluated in the Solar
System frame. It assumes that cosmic-ray propagation is
spherically symmetric with respect to the Sun and excludes
particle drift. Its solution connects the cosmic-ray eþ=e−
intensity, Je�, at the heliocentric distance r to that in local
interstellar space and is given by

Je�ðr; EeÞ ¼ Je�ð∞; EeÞ
E2
e − E2

0

ðEe þ eΦðrÞÞ2 − E2
0

; ð2Þ

where Je�ð∞; EeÞ is the local interstellar spectrum (LIS) of
cosmic-ray eþ=e−, Ee is the eþ=e− total energy, E0 is the
eþ=e− rest mass energy, e is the elementary charge, and
ΦðrÞ is the modulation potential at r (assuming zero
modulation potential at infinity). For Je�ð∞; EeÞ, we use
the updated eþ and e− LIS from Ref. [39], which is
computed using the GALPROP code with an empirical
transport model fitting the observed cosmic-ray eþ and e−

spectra from Voyager 1 and PAMELA. For our first
modulation potential model, Φ1ðrÞ, which we refer to as
Model I, we follow Eq. (8) from Ref. [21],

Φ1ðrÞ ¼ Φ0ðr−0.1 − r−0.1b Þ=ðð1 AUÞ−0.1 − r−0.1b Þ; ð3Þ

where Φ0 represents the modulation potential evaluated at
1 AU and rb is the radius of the heliospheric boundary,
taken as rb ¼ 100 AU. This form of Φ1ðrÞ is derived from
the radial dependence of the particle mean-free path during
the Solar Cycle 21 minimum, using data from IMP 8,
Voyager 2, and Pioneer 10 [40].
We note that Model I assumes an energy-independent

form of ΦðrÞ, which implicitly corresponds to an 1=f
magnetic power spectrum over the entire frequency range
(with f being the magnetic fluctuation frequency).
However, Ref. [41] shows that this assumption may lead
to overmodulation at distances r < 1 AU by neglecting
the inertial and kinetic ranges of magnetic turbulence.

3Philippe Bruel, private communication (2023).
4But seriously, if anybody can figure out why this happens, it

would be awesome.
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According to their theoretical model, the intensity reduc-
tion of cosmic-ray electrons and protons from 1 AU to
0.1 AU is estimated to be ≲10%. Observational data from
Helios 1 and 2 show an even smaller reduction of only
2� 2.5% from 1 AU to 0.3 AU, although these measure-
ments were specifically for cosmic-ray protonswith kinetic
energies between 0.25 and 0.7 GeV [42]. Similarly, data
from the MESSENGER mission, collected between 0.3
and 0.4 AU, suggest a radial gradient of less than 10% per
AU for cosmic-ray protons with kinetic energies above
125 MeV [43]. To account for the potentially weak
modulation for r < 1 AU, we introduce a second modu-
lation potential, Φ2ðrÞ, referred to as Model II,

Φ2ðrÞ ¼
�Φ0; r < 1 AU;

Φ1ðrÞ; r ≥ 1 AU:
ð4Þ

In this model, there is no solar modulation for r < 1 AU,
thus providing an upper limit for the cosmic-ray eþe−
intensity within 1 AU from the Sun, as also suggested
in Ref. [25].
Last, to account for the energy dependence of solar

modulation, we introduce a phenomenological model,
referred to as Model III, defined by

Φ3ðr; EeÞ ¼
�Φ1ðrÞ × ðEe=10 GeVÞ−α; Ee < 10 GeV;

Φ1ðrÞ; Ee ≥ 10 GeV;

ð5Þ

where α ≥ 0. In this model, Φ3ðr; EeÞ applies a stronger
modulation to lower-energy cosmic-ray eþe− and weakens
at higher energies. By fitting both α andΦ0 to ICS data, this
phenomenological approach has the advantage of revealing
the general trend of cosmic-ray spectrum shapes without
requiring detailed information about cosmic-ray transport.
In the three modulation models discussed above, we

allow Φ0 to take different values for eþ and e− to account
for the charge dependence of solar modulation. These
values are denoted as Φ0;eþ and Φ0;e− , respectively.
Throughout the rest of this paper, we refer to Model I as
our “default” halo model, and refer to Models II and III
specifically, when they are employed.

C. Statistical modeling

Our background model automatically accounts for
all point sources, extended sources, as well as the truly
diffuse Galactic, extragalactic, and cosmic-ray back-
grounds. Since this includes the vast majority of γ-ray
emission, our statistical fitting procedure includes only a
few components.
We fit the Fermi-LAT data within 45° of the Sun using a

three-component model that includes (1) our astrophysical
background, (2) a solar disk model that employs a 0.26°
radius source with a constant surface brightness and has a

spectrum which is allowed to float independently in each
energy bin, and (3) a model for the solar halo, described
above. The solar disk and halo must first be convolved with
the instrumental point-spread function (PSF), which we
calculate by averaging the point-spread function at the
location of the Sun in each time slice. The background
model, on the other hand, is produced from real photons
that have already been smeared by the instrument, and thus
do not need to be reconvolved with a model PSF. We note
that the 45° ROI in which we show our science results is
smaller than the 60° ROI that we remove to create our
background model (and utilize for the Moon cut). This
ensures that there is limited leakage between the “on” and
“off” regions of our analysis.
We fit each component using iminuit. In our default

analysis, we fix the normalization of the background
component to unity. This is warranted by the assumption
that the background flux (from non-Solar System sources)
does not change based on the alignment of the Solar
System. It may be incorrect, however, if the effective area
of the instrument has an unknown systematic error (not
accounted for by gtltcube with phibins ¼ 60) that
changes the exposure based on the solar coordinate.
The measured flux of the solar disk is not well predicted

by any theoretical models [27–29] and is allowed to float
freely in each individual energy bin. At low energies, this
component can be degenerate with the central part of the
solar halo. However, at energies above a few GeV, changing
the normalization of the solar disk has very little effect on
our results.
The modeling choices that treat the solar halo itself are

quite tricky. A minimalist model could be constructed
under the following assumptions: (1) the background
model is “perfect,” capturing all true astrophysical back-
grounds that lie beyond the Solar System to the level of
Poisson noise, (2) the solar disk is well separated from the
solar halo, leading to minimal degeneracies between the
components, and (3) there are no other important Solar
System objects (or they have been removed, e.g., by
placing a cut around the Moon). In such a scenario, there
is no need to model the solar halo at all—its emission and
spectrum are merely the residual that remains once the
astrophysical background model is subtracted and the solar
disk component is fit to the central source. In this case, a
well-motivated choice would be to fit the background
model (with a normalization of unity), and then fit the
solar disk component, and call everything else the solar
halo emission. This would be “theoretically optimal”
because our modeling would inject no prior knowledge
about what the solar halo should look like.
In this analysis, assumption (3) does hold [33,35], and

assumption (1) should hold in principle, but appears to be
violated in practice. However, assumption (2) is always
violated at low energies, when the Fermi-LAT angular
resolution is poor. Removing the solar halo from the model
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will cause the solar disk to become unphysically bright, as
it tries to absorb nearby halo photons. This effect, discussed
in Ref. [29], requires us to input a solar halo into our fitting
procedure to accurately calculate the solar disk flux.
However, this creates a bias if the solar halo model is
incorrect—because the solar halo flux will be fit primarily
by regions that are far from the Sun itself, and the input
morphology of the solar halo would be forced to remove the
specified number of photons from the inner regions based
on the template morphology.
In Ref. [29], we accounted for this effect by binning the

solar halo into multiple angular regions that floated
independently. This works well, but at the cost of adding
unphysical “sawtooth” structures into the solar halo
template. However, in this study (where we aim to study
the solar halo, rather than just remove it) we instead adopt
a two-component model, where the solar halo is the sum
of two arbitrarily normalized templates with Φ0 ¼
1000 MV and Φ0 ¼ 0 MV, which correspond to the
maximal and minimal modulation potentials in this study.
The fit can change the normalization of these profiles in
each energy bin to fit the inner and outer regions of the
halo separately. At high energies, these profiles have
similar morphologies, but the excellent Fermi-LAT
angular resolution means that the disk and halo are no
longer degenerate.
The final consideration is how to assign a flux to the

solar halo. Corresponding to the above discussion, we
could either (1) report the flux picked up by the solar halo
template(s), or (2) report the flux picked up by the solar
halo template plus any remaining residual. The first choice,
however, would be problematic, as we would be unable to
discover any new solar halo effects that are not already in
our solar halo model—we could only prove that the log-
likelihood of solar halo templates provides a good fit to the
data. This analysis would only allow us to examine the
“known unknowns” that we include in our model space,
and would exclude the possible detection of, e.g., changes
in the radial profile of the halo emission or azimuthal
asymmetries in the solar halo flux. Thus, throughout this
paper, whenever we report the spectrum or morphology of
the solar halo, we are reporting the total flux in our 45° after
the diffuse background and solar disk emission are sub-
tracted. When we study the best-fitting solar modulation
parameters, we focus on the log-likelihood of these
parameter models to our full dataset.
Figure 2 shows the helioprojective maps that correspond

to each portion of this process. For this plot, we utilize the
model of the Fermi-LAT data that does not have point
source and Galactic plane emission removed (the high-
statistics map), and choose an energy range of 1–3.16 GeV,
which combines the fits from four independent energy bins.
These choices are made to enhance the clarity of the plot
and illuminate the underlying physics (instead of display-
ing spatial artifacts from our masking technique). Our

results clearly demonstrate the close match between the
background model and the Fermi-LAT data. Most notably,
we clearly see that when the background model and an
arbitrarily normalized solar disk model are subtracted, the
existing residual (bottom left) shows clear indications of a
bright solar halo. The morphology, spectrum, azimuthal
distribution, and time variation of this signal is the topic of
the rest of this paper.

IV. RESULTS

Figure 1 shows the main result of this paper, which
includes both the spectrum and spatial extension of the
solar ICS halo. In this plot, we focus on angles between 5
and 10° from the Sun and energies between 1 and 3 GeV,
where the halo is robustly detected. We note that at this
energy and angular range, the solar disk is well separated
from the solar halo, based on the < 1° angular resolution of
the Fermi-LAT at GeV energies. This analysis uses our
default model, which (1) uses the low-background map to
decrease the issues with diffuse mismodeling, (2) fixes
the normalization of the diffuse background to unity,
(3) uses two solar halo models with modulation potentials
of Φ0 ¼ 0 MV and Φ0 ¼ 1000 MV for both the electron
and positron components (which float independently in
each energy bin) to encompass uncertainties in the halo
shape, and (4) measures the resulting solar halo flux by
reporting all photons that are not fit by the diffuse back-
ground or solar disk flux.
Excitingly, this simple model provides a close match

between Fermi-LAT data and theoretically motivated solar
halo models. In both cases, we obtain a solar halo flux of
∼3 × 10−7 GeV cm−2 s−1 at energies between 1 and 3 GeV
and distances between 5 and 10° from the Sun. We find that
the γ-ray flux peaks at a few GeVand falls off at lower and
higher energies. The morphology of the signal falls roughly
as θ−1 between 5 and 30° from the Sun, before potentially
falling off more rapidly at larger radii. These results extend
the detection of the solar halo to an energy range between
31.6 MeV and 100 GeV and an angular range out to 45°,
significantly improving on previous work in Ref. [25]. The
solid lines show theoretically motivated fits for solar halo
models based onModel I that have a normalization fit to the
local observations of the eþe− flux, and a radial and energy
dependence based on the solar modulation models dis-
cussed in Sec. III B. Because these are not fit to the data,
they demonstrate the very close match between our
theoretical model (Model I) and our observational results.
Finally, we note that, despite the fact that we have removed
about 90% of the total γ-ray data, the statistical error bars
(shown) throughout the majority of our analysis are
extremely small and our uncertainties are dominated by
systematics.
Figures 3 and 4 extend the results of Fig. 1, showing a

range of bins for the energy and radial extent of the
analysis, along with illustrative theoretical predictions that
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are based on simple solar modulation potentials with a
normalization fit to the observed eþe− flux near the Earth.
Figure 3 shows that our models produce a good fit to the
γ-ray data in regions spanning from < 2.5° up to 45° from
the Sun. We find that the normalization of the γ-ray
emission is best fit by a small solar modulation potential
of ∼500 MV when averaged over the full 15 year obser-
vation time of our study, which is in close agreement with
modulation potentials calculated from observations of
cosmic rays near Earth [44–51].

Figure 4 shows what happens when we splice the same
data in the opposite direction, showing the radial profile of
the γ-ray data in six different energy ranges that span our
analysis. This cut illustrates the radially dependent effect,
and we again find that the best-fit values of the modulation
at low energy move between moderate modulation poten-
tials near the Sun, to relatively low modulation potentials
far from the Sun. This deviation appears to point toward
modulation effects beyond the simple potential we use in
Model I. We note that the comparison between data and

FIG. 2. The data, templates, and residuals in our analysis, evaluated at energies between 1 and 3.16 GeV in helioprojective coordinates.
For this plot, we utilize the full dataset without point sources or the Galactic plane masks (high-statistics map) to convey the visual
aspects of the plot more clearly. We show the Fermi-LAT data (top left) and the astrophysical background model (top right), noting the
bright point sources that appear in each model. Arbitrarily normalized models for the solar disk (left) and solar halo (right) are shown on
a log-scale in the second row, where we note the extension of the solar disk is driven by the ∼1° angular resolution in the 1–3.16 GeV
bin. The third row shows the significance of the remaining residual after the best-fitting background and solar disk model are subtracted,
which represents the true solar halo emission along with any mismodeled residuals. The bright emission in the center is the solar ICS
halo. The true residual after the best-fit solar halo model is also subtracted is shown in the bottom right.
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model (as shown in these plots) is not used to calculate the
total log-likelihood at any point in our paper, but is shown
only for visual comparison. All log-likelihood calculations
are based on fits using a HEALpix map with nside ¼ 512
and eight logarithmic energy bins per decade.
In Table I, we show the combined statistical result from

these fits for our low-background cut, which affirms our
interpretation of Figs. 3 and 4. We show the improvement
in the log-likelihood (larger numbers are preferred) for
models using different solar modulation potentials com-
pared to the null hypothesis that no solar halo exists, which
we set to a ΔLGðL ¼ 0Þ. We note that the γ-ray fluxes that
correspond to these models correspond to the theoretical

solar halo curves shown in Figs. 1, 3, and 4, with spectra
that are shown explicitly for the cases of 0 MV, 500 MV,
and 1000 MV. We also show the results for our “four-
component” model, where the normalizations of four ICS
components (based on solar modulation potentials of 0 MV
and 1000 MV for both positrons and electrons) are allowed
to float independently in each energy bin. We find two key
results: (1) the simple theoretical models provide a very
good fit to the main properties of the ICS halo, with log-
likelihood values fairly close to the four-component fit
despite having 108 fewer degrees of freedom, and (2) the
best-fit theoretical models have modulation potentials
(which, in this case, are set to be equivalent for both

FIG. 3. Same as Fig. 1 (top), but showing the spectrum of the solar halo in eight different radial bins spanning between 0 and 45° from
the Sun. The halo is robustly detected in the energy range from 31.6 MeV to 100 GeV. We show our theoretical models for ICS,
including Model I (solid) and Model II (dashed). These models are not fit to the data, but instead follow a simple solar modulation
potential that is fit to eþe− data at the Earth position. This demonstrates the close match between theory and observation. We find that
moderate modulation potentials near 500 MV provide the best fit to the γ-ray data.
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FIG. 4. Same as Fig. 1 (bottom), but showing the radial properties of the solar halo in six different energy bins spanning between
31.6 MeVand 100 GeV. The halo is robustly detected in every energy bin, and out to the 45° limits of our analysis. We show two solar
modulation models, Model I (solid) and Model II (dashed), which are again not fit to the data, and thus demonstrate the close match
between theory and observation. The preference for a modulation potential near 500 MV is primarily driven by low-energy data, which
dominate the total γ-ray count rate. At high energies, we note significant systematic errors that exceed the statistical fluctuations of our
analysis.
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positrons and electrons) on the order of 400 MV. We note
that these are both “averaged” modulation potentials that
are calculated as single values over the full 15 year
observation period of our study.
Finally, Table I provides the best-fit log-likelihood for a

two-dimensional fit of solar halo potentials for electrons
and positrons, which is a theoretically well-motivated
scenario due to the charge sign-dependent effects of solar
modulation. Figure 5 shows the two-dimensional fit of
theoretically motivated solar halo models, based on a
choice of different modulation potentials for positrons
and electrons. Our best-fit model prefers a modulation
potential of 475 MV for electrons, with no modulation
(0 MV) of positrons. However, we note that the uncertainty
on the positron modulation is quite large, due to the much
smaller flux of the positron component. Calculating a one-
dimensional uncertainty band for both electrons and
positrons by minimizing over the other modulation poten-
tial provides a 5σ uncertainty range of 474þ55

−59 MV for
electrons and 0þ223 MV for positrons, where we do not let
the modulation potential fall below 0.

We note that our observation that the positron modula-
tion potential is much smaller than the electron modulation
potential closely matches theoretical expectations for the
positively charged Solar Cycle 24, and also matched
observations of charge sign-dependent solar modulation
of electrons and positrons near Earth [52]. However, the
quantitative value of the positron modulation potential in
our analysis is likely unphysical due to systematic effects.
Notably, because the γ-ray data cannot distinguish between
ICS emission produced by an electron or positron, our fits
only differentiate the components based on their input LIS
spectra. The fact that positrons are highly subdominant (by
a factor of ∼10–20) means that small errors in the electron
LIS spectrum or modulation model will have outsized
effects on positron modulation. Thus, while it is important
to include contributions from both components, we only
consider the electron modulation potentials to be well
modeled in our study, while we consider the positron
modulation value to primarily be a nuisance parameter that
instead absorbs errors in our model.
Examining our results, and in particular the halo spec-

trum shown in Fig. 3, there is an indication of small (but
only marginally statistically significant) anomalies that are
worthy of comment. The first is at high energies, where we
see a number of points that significantly exceed the
predicted γ-ray flux. This includes a 30 GeV bump very
close to the Sun, which is (on first inspection) interesting in
light of the 30–50 GeV spectral dip observed from the solar
disk in Ref. [27]. However, it would be difficult to correlate
these two observations into a single coherent explanation,
as the Fermi-LAT angular resolution at these energies is
∼0.1–0.2°, which is far smaller than the scale of the ICS
emission, and the emission processes between the disk and

TABLE I. The improvement in the log-likelihood for models
that include a theoretically motivated solar halo model (Model I)
compared to a fixed background model that does not include the
solar halo. There are no additional degrees of freedom in the halo
fit, as the normalization is fixed by observations of the local
electron and positron flux and the modulation potential of
electrons and positrons at 1 AU are fit to specific values. The
table provides representative values where the electron and
positron modulation potentials are equivalent. However, we also
provide the best-fit value, which corresponds to a modulation of
the electron flux by 475 MVand a modulation of the positron flux
by 0 MV. The log-likelihood is reported for data taken between
31.6 MeV and 100 GeV, using our “low-background” analysis,
which removes approximately 90% of the total γ-ray counts. We
also provide the change in the log-likelihood for our default four-
component model, which allows the normalization of a Φ0 ¼
0 MV profile and a Φ0 ¼ 1000 MV profile to float independ-
ently for both electrons and positrons in each energy bin. This
improves the log-likelihood by less than 200, despite including
108 additional free parameters.

Φ0;e− (MV) Φ0;eþ (MV) d.o.f. ΔLGðLÞ
0 0 0 867
100 100 0 2619
200 200 0 3375
300 300 0 3682
400 400 0 3767
475 0 2 3784
500 500 0 3724
600 600 0 3612
700 700 0 3461
800 800 0 3291
900 900 0 3104
1000 1000 0 2942

Four-component � � � 108 3973

FIG. 5. The relative log-likelihood fit to the γ-ray data in our
ROI as a function of the solar modulation potential defined at
1 AU for electrons (x-axis) and positrons (y-axis). The best-fit
models have electron modulation potentials of ∼475 MV, with
negligible modulation for positrons. The uncertainty on the
dominant electron contribution is much smaller than the un-
certainty on the smaller positron contribution.
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halo differ. We note that there are also high-energy
“excesses” in other spatial bins, but note that there is
significant point-to-point variation in the spectrum in this
region. In summary, we do not believe that either of the
features—although they may at first appear interesting—
are indications of any significant deviations from the
theoretically predicted solar halo model.
The second spectral feature is more subtle, but critical

for interpreting solar modulation models. We note that
for low-energy data, higher solar modulation potentials
(Φ0 ∼ 500 MV) provide a better fit near the Sun (θ ≲ 15°).
This change is statistically significant, due to the fact that
the error bars in this region are small. We note that the
standard 500 MV model is not a good fit to the data in the
closest regions (< 2.5°) from the Sun. However, we note
that this region encodes both the energy range and angular
area, where uncertainties in the Fermi-LAT exposure
(which is changing rapidly at low energies) and the
point-spread function (which is largest at low energy)
are worst. Similarly, we note that lower solar modulation
potentials provide better fits farther from the Sun, which
despite the lower statistical significance may be more
important due to the lower smaller errors. It is important
to note that the total log-likelihood fit in our models is
dominated by the high photon counts of relatively low-
energy γ-rays. This tension motivates us to examine
alterations to the standard force-field potential model
(Model I) in the next section.

V. A CLOSER LOOK AT SOLAR MODULATION

The key science result of our paper is that the first-order
properties of the solar halo are well fit by simple force-field
solar modulation models within a γ-ray energy range
spanning 31 MeV–100 GeV, and from the position of
the Sun out to an angular distance of 45°. Moreover, we
note that the best-fit modulation potential for electrons
calculated at 1 AU in ICS Model I (∼475 MV) is consistent
with the average modulation values calculated from fits to
the local eþe− data (∼500 MV). However, our work in the
previous section unveiled some regimes in which this
simple model may not fit the γ-ray data. Thus, in this
section, we closely probe alternatives to the simple force-
field halo model (Model I).

A. Changes in modulation potentials near the Sun

We note that the best-fit modulation potential for
electrons calculated for the ICS halo using Model I
(∼475 MV) is very consistent with the average modulation
values calculated from fits to the local eþe− data (typically
∼500 MV). However, we note that these values need not be
identical. First, the solar halo extends all the way to the Sun,
measuring solar modulation in a regime that no cosmic-ray
studies have probed. Second, the solar halo data probe the
spherically symmetric modulation potential, which may

differ significantly from the modulation potential in the
ecliptic plane.
This leads us to consider a simple conceptual model of

solar modulation that is split into two different regimes. The
dominant effect of solar modulation takes place between
the heliopause and the Earth, which lies outside our γ-ray
ROI. In this regime, changing the modulation potential
between 0 MV and 1000 MV decreases the overall
normalization and hardens the spectrum of the solar halo,
but does not significantly affect the γ-ray morphology
determined by Fermi-LAT data.
The second regime corresponds to the subsequent solar

modulation that occurs between the Earth and the Sun, and
which lies inside our ROI. A key impetus for this paper is
that solar modulation in this region has not been probed by
cosmic-ray studies and is accessible only to our γ-ray
observations. Modulation in this region controls the radial
shape of the solar halo within our ROI, and also produces
energy-dependent effects. However, the effect on the total
normalization is smaller, as the majority of the modulation
effect occurs between the edge of the heliosphere and 1 AU.
Importantly, we note that the 45° edge of our ROI
corresponds to electrons that have an average distance
near 1 AU5 from the Sun, meaning that the transition
between these two regions occurs very close to the Earth’s
position.
Interestingly, previous work in Ref. [41] used Parker

Solar Probe data to study modulation between the Earth and
Sun, finding weaker modulation within 1 AU compared to
expectations from the force-field model. Motivated by their
work, we consider an alternative model where there is no
additional modulation between the Earth and Sun, leading
to a total modulation potential given by Eq. (4) in Model II.
In Fig. 6 we calculate the heat map for the electron and
positron modulation potentials in this model, finding the
best-fit modulation potential for electrons increases to a
value of 576þ84

−56 , while the positron modulation potential
remains consistent with 0þ153. This is consistent with the
assumption that removing the additional effect of modu-
lation near the Sun requires a larger modulation potential in
regions outside 1 AU.
By comparing the log-likelihoods of our best-fit models,

we find that halo Model I (which does include solar
modulation between the Earth and Sun) fits the data
somewhat better than Model II, with a modest log-like-
lihood preference of 26. We note that we do not consider
this a statistically significant exclusion of Model II, due
both to the fact that our uncertainties are systematics
dominated, and that the change in log-likelihoods is similar
to the changes in log-likelihoods stemming from the

5At high energies, where solar modulation is not important,
50% of the solar halo emission that is found 45° from the Sun
originates from within 0.84 AU, while the other 50% comes from
emission at larger distances from the Sun.
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25 MV binning of our modulation potentials. However, we
also find no evidence supporting such an alteration to the
standard force-field model. This motivates us to instead
look at alternative scenarios for changing the solar modu-
lation potential.

B. Energy dependence of solar modulation

In order to better understand the effect of solar modu-
lation on the ICS halo, we now divide our analysis into
different energy bins and calculate the best-fit modulation
potential in each. We stress that these energy bins corre-
spond to the γ-ray energies in our analysis, and not the eþe−
energies. This means that each γ-ray energy bin corre-
sponds to a range of eþe− energies based on the eþe−
spectrum and the ICS kernel that relates the electron and
γ-ray energies.
Figure 7 shows the best-fit modulation potential (using

Model I in our analysis) for electrons in different energy
bins of our analysis, spanning from the lowest- to highest-
energy data. We find results that are relatively consistent
between each model, with slight changes between prefer-
ences for 400 MV and 500 MV modulation potentials in
most energy bins. For γ-ray energies above 3 GeV (cor-
responding to high-energy eþe− that should not be strongly
modulated), we find a slight preference for negligible
modulation. However, for these electron energies, the effect
of modulation is negligible regardless of the modulation
potential, meaning the change in the γ-ray data between our
models is very small. Instead, the small preference for low-
modulation potentials’ likelihood corresponds to small
errors in the high-energy LIS spectrum, which would drive
these models toward low values of the solar modulation
parameter.
We note that a weakness of the above approach

stems from the fact that we are testing the modulation of

cosmic-ray electrons, but binning the results in terms
of the lower γ-ray energy, which is affected by eþe−
across a wide array of energy scales. In order to account
for this issue, we developed the ad hoc solar modulation
Model III in Eq. (5), where we add a power-law correction
into the solar modulation potential that makes modulation
larger at low energies, and smaller at high energies
(roughly fitting the small preference we see in Fig. 7).
We analyze the data, binning our result into bins of α ¼
0.1 over a range 0 ≤ α ≤ 2. Because this multiplies the
necessary computational time by a factor of 21, we restrict
electrons and positrons to have the same value of α,
though they can have different normalizations for their
modulation potentials. We additionally reduce the binning
of our electron and positron normalizations to bin sizes of
100 MV, rather than bin sizes of 25 MV, which we use
throughout most of the text.
Figure 8 shows the results for the best-fit modulation

parameters of both electrons (left) and positrons (right),
finding them to be unchanged from their default values. We
find that α ¼ 0.0 (no energy-dependent change in the
modulation potential) provides the best fit for our analysis,
and we find the best-fit point to have Φ0 ¼ 500 MV for
electrons and 0 MV for positrons, consistent with our
previous results.

C. Time variability of solar modulation

An important property of solar modulation is that it is
variable on all timescales, tracking the strength, speed, and
turbulence of the solar wind. Studies of the solar wind (or
studies where the solar wind is a key nuisance parameter)

FIG. 7. The fit of different solar modulation potentials for
electrons within different γ-ray energy ranges using solar modu-
lation Model I. Each range is the sum of four energy bins in our
analysis (except for the highest bin, which sums the contributions
from eight bins). We find a broadly consistent preference for
modulation values between 400 and 600 MV in all energy bins,
though with a slight preference for negligible modulation in the
highest γ-ray energy bins (which correspond to energy ranges
where the eþe− modulation would be negligible).

FIG. 6. Same as Fig. 5, except for solar modulation Model II,
where there is no additional modulation between the Earth and
Sun. The results are largely the same, but with a small increase in
the solar modulation potential (to 600 MV) that offsets the lack of
additional modulation between the Earth and Sun.
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must carefully account for the exact observational
time frame.
The principle change in the time dependence of solar

modulation is a transition from a relatively small modu-
lation potential at solar minimum to a larger potential at
solar maximum, when the strength and turbulence of the
heliospheric magnetic field increase. There are also impor-
tant charge sign-dependent effects based on the 22 year
polarity cycle of the Sun. During periods of positive
polarity, negatively charged particles must diffuse and drift
across the heliospheric current sheet, while positive
charged particles diffuse more efficiently from polar
regions of the Solar System [45]. During periods of
negative polarity the opposite is true, and the positively
charged particles diffuse against the heliospheric current
sheet, while the negative particles diffuse more efficiently
from polar regions. This means that the solar modulation
potentials that we calculate for electrons and positrons
should differ as a function of time. However, as shown in
Fig. 5, we note that the positron modulation potentials are
relatively poorly constrained, making it difficult to accu-
rately model their time dependence.
Figure 9 shows the time-dependent modulation potential

for cosmic-ray electrons in our solar halo models. This is
calculated by splitting our data into one-year time segments
spanning between the August 4th periods of each year, and
then calculating the best-fit log-likelihoods as a function of
the solar modulation potentials for both electrons and
positrons. We again minimize our fits to choose the
best-fitting positron modulation potential for each value
of the electron modulation potential. Our results are
consistent with the theoretically expected time dependence

for the solar modulation of electrons. We find the smallest
values of solar modulation during the 2008 and 2019 solar
minima, with larger modulation values during the 2014
solar maximum.
Figure 9 also compares our results against the solar

modulation potential at 1 AU for electrons calculated using
PAMELA and AMS-02 data. PAMELA has measured the
time-dependent electron flux from July 2006 to December
2009 during the solar minimum [53], while AMS-02
provides data for each Bartels rotation from May 2011
to June 2022 [54]. For each given time data point, we
calculate the best-fit solar modulation potential using the
force-field solution [Eq. (2)]. We include only the electron
data above either 2 GeVor 5 GeV, as electrons below these
energy ranges would primarily produce γ-rays below our
considered energy threshold. The results from PAMELA
are given in cyan and blue and from AMS-02 in orange and
red, for the > 2 GeV and > 5 GeV cases, respectively,
including a 1σ uncertainty band. We find a close match
between the time variation in our observations of the solar
modulation potential, and those from local electron mea-
surements. We find that the level of systematic uncertainty
that is introduced by utilizing Model I or Model II is similar
to the degree of systematic uncertainty that stems from
well-motivated choices of different minimum electron
energies in force-field models of solar modulation based
on local electron measurements. These results validate both
the physical nature of the solar halo (as a result of the same
electron population that is observed at the Earth), as well as
the standard picture, where the majority of solar modula-
tion occurs between the edge of the heliosphere and 1
AU, with only small deviations from standard force-field

FIG. 8. The best-fit solar modulation parameters following Model III of our analysis, where the electron and positron modulation
parameters are modified by an energy-dependent power law with an index α, which increases the modulation of low-energy electrons.
We find no preference for such a model, with a best-fit value and 5σ error of α ¼ 0.0þ0.17. We note that the value of α is restricted to be
identical for electrons and positrons. The uncertainties on the electron and positron modulation values are similar, due to the fact that
α ¼ 0 is the default value for our solar modulation model.
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potential models within the inner Solar System. We note
that these results also closely match previous results on the
time variation of the electron modulation potential during
Solar Cycle 24 by Ref. [52].

D. Azimuthal distribution

Finally, we note that models of solar modulation include
both an eþe− population that travels slowly across the
ecliptic plane, and a second population that travels to the
earth primarily from polar regions above and below
the plane. The relative electron and positron content of
this flux changes when the solar polarity flips.
In addition to testing the radial morphology of the solar

halo, we can also search for azimuthal asymmetries in the
halo potential that may stem from this change in the eþe−
flux along and away from the ecliptic plane. In this paper,
we examine these asymmetries in the context of a force-
field model based on Model I, but where we adopt different
modulation potentials for emission along the Tx plane,
which lies along the equatorial plane, and the Ty plane,
which lies along its rotational axis. We calculate the solar
halo profile at any point ðTx; TyÞ with a modified modu-
lation potential we name Φa

0 as

Φa
0ðTx; TyÞ ¼ sin2ðtan−1ðTx; TyÞÞΦ0;Tx

þ cos2ðtan−1ðTx; TyÞÞΦ0;Ty; ð6Þ

whereΦ0;Tx andΦ0;Ty are flux maps that represent different
choices of the modulation potential defined at 1 AU. We
calculate one value ofΦa

0 for electrons, and a secondΦa
0 for

positrons. This produces an equivalently normalized γ-ray
flux map at each point in the sky, with an intensity that
rotates with the azimuthal coordinate. We note that due to
projection effects, the map is not exactly split along a 45°
axis. However, there is no particular reason for the
asphericity of the solar modulation signal to be a simple
harmonic, and thus we do not need to be extremely specific
about our choice. In this section we are only testing for the
possibility of some nonsymmetric profile in our results.
Figure 10 shows the result of this analysis. We again

independently study modulation potentials for electrons
and positrons by minimizing our fits over the other
parameter. Due to the large number of choices of modu-
lation potentials for our analysis, we use a coarser grid of
100 MV for positron normalization potentials, which
affect our results much less than the electron modulation
potential. This leaves us with 412 × 112 simulations.
Interestingly, our analysis finds some evidence for an
azimuthal asymmetry in the electron spectrum. Our models
prefer a modulation potential of 550 MV in directions
perpendicular to the ecliptic plane, but a modulation
potential of 400 MV in directions along the ecliptic plane.
This result is preferred at a log-likelihood of 11.0, com-
pared to the best-fit symmetric result (with a modulation
potential of 450 MV in both directions). This formally

FIG. 9. The time dependence of the solar modulation potential at 1 AU for electrons. The best-fit modulation potential using Model I
(black circle) in our analysis is calculated independently for data from each year and is shown along with 3σ error bars surrounding the
best-fit point, while the best-fit modulation potentials for Model II are shown in gray squares. Small offsets in the x-axis between the
solar halo datasets are added to increase visibility, and the dates of each analysis are identical. We find strong evidence for an increase in
the solar modulation potential during the peak of solar activity near 2014, with lower potentials during solar minimum. The amplitude
and time variation of solar modulation closely match PAMELA data taken from July 2006 and December 2009 [53], and AMS-02 data
taken from May 2011 to June 2022 [54], calculated based on the electron flux observed at Earth. The systematic uncertainty in the solar
modulation potential based on γ-ray observations (moving between Model I and Model II) is of a similar degree as the uncertainty in the
modulation potential from cosmic-ray studies based on the minimum electron energy that is measured.
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corresponds to a 4.7σ detection of an asymmetry in the
solar modulation potential, though we note that systematic
errors in our analysis may make it difficult to conclusively
argue that there is an overall asymmetry in the modulation
potential.
However, we note that solar modulation is expected to be

time dependent, and the polarity flip of the Sun occurred in
∼2014, a little less than halfway through the analysis
window (and closer to halfway through the total exposure
due to the decreased solar exposure after the 2018 failure of
the solar panel motor). After this period, electrons drifted
primarily across the heliospheric current sheet (in the Tx
direction). Thus, it is reasonable to assume that the change
in modulation potentials does not correspond to any
intrinsic difference in electron propagation in each direc-
tion, only that the number of electrons moving across the
heliospheric current sheet over our 15 year period is larger
than in polar regions. Still, our results provide some
evidence that the electron population is not spherically
symmetric within 1 AU.
In order to further investigate this result, we must probe

the temporal change in the electron and positron modula-
tion potentials. Figure 11 shows the results for the yearly
time variation of the electron modulation potential. We find
that there is a pronounced change in the electron modu-
lation in the Tx and Ty directions as a function of time.
During the solar minimum periods (2008–2010 and 2017–
2020), we tend to find fairly similar modulation potentials
in the Tx and Ty directions. This is an expected result, as the
small modulation potentials (and relatively nonturbulent
nature of heliospheric magnetic fields) tend to minimize the
azimuthal asymmetry of solar modulation.
Observations during solar maxima tend to have more

pronounced differences between the ecliptic plane and

polar regions of the Solar System. During the first solar
maximum (2012–2014), we tend to find larger modulation
potentials in the Ty direction. During the second maximum
(primarily 2022), we find roughly equivalent modulation
potentials in both directions. In some years (e.g., 2012,
2013, 2017, and 2021) we do find significant asymmetry,
verifying that these solar maximum periods can produce
significant differences in solar modulation along and across
the ecliptic plane. However, we do not see a clear pattern
where the polarity of the magnetic field routinely makes
emission brighter in the Tx or Ty directions. This poten-
tially suggests that any asymmetry in electron propagation
within the inner Solar System may be dominated by
smaller-scale features that are not related to the overall
polarity of the heliospheric magnetic field.

VI. CONCLUSIONS

Observations of the solar halo provide a unique view into
the effect of the heliosphere on cosmic-ray propagation.
Importantly, most solar halo inputs, including the inter-
stellar Galactic cosmic-ray flux and the starlight density in
the Solar System, are extremely well known. This means
that our observations directly constrain the heliospheric
magnetic field and its effect on cosmic-ray propagation.
Precise observations of cosmic rays in the heliosphere have
critical implications for space physics, cosmic-ray physics,
and dark matter searches. By searching for halo γ-rays, we
can extend these observations into azimuthal and distance
regimes that are not currently probed by direct cosmic-ray
measurements.
To precisely observe the solar halo, we developed a

world-leading model capable of differentiating γ-ray
emission that traces moving Solar System objects from

FIG. 10. The azimuthal distribution of the solar halo flux, which is calculated by assuming two different modulation amplitudes in the
Tx and Ty directions for both electrons (left) and positrons (right). The log-likelihoods are obtained by minimizing the fits over leptons
of the opposite charge. We find only small evidence for an azimuthal asymmetry, which indicates excess emission along the ecliptic
plane, with a log-likelihood preference of 11.0. However, it is difficult to determine whether this preference corresponds to a smaller
modulation for electrons across the ecliptic plane, or the fact that our 15 year observation time includes a longer period when electrons
traveled through the ecliptic plane.
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the remainder of the astrophysical background.
These diffuse maps reach 1% precision in fitting the γ-
ray data near the Sun over most of our representative
energy range, far exceeding the precision of theoretically
motivated diffuse models of the Fermi-LAT sky. The
accuracy of these models has allowed us to, for the first

time, detect the solar halo in an energy range between
31.6 MeV and 100 GeV and out to 45° from the Sun.
Moreover, the large dataset unlocked by our analysis
allowed us to sensitively probe the time variation of solar
γ-rays and search for azimuthal asymmetries in the solar
halo, which could provide new insights into the

FIG. 11. Same as Fig. 10, but showing the yearly asymmetry in the azimuthal distribution of the solar modulation. The time variation
of the solar modulation potential is critical due both to the 12 year solar cycle and the ∼2014 polarity flip of the heliospheric magnetic
field. We only show results for electrons because the positron data are essentially unconstrained in small time windows. During the solar
minimum periods (roughly 2008–2010 and 2018–2021), we find evidence for similar modulation potentials in the Tx and Ty directions.
There are some hints of statistically significant asymmetries during solar maximum periods, but the trend does not closely follow the
polarity of the heliospheric magnetic fields, meaning that temporal asymmetries may be dominated by small-scale effects.
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interactions of cosmic rays with the solar wind and
heliospheric current sheet.
Our observations are well fit by simple theoretical

models of the solar halo, which are themselves well
constrained by cosmic-ray eþe− observations near Earth
[46,50–52]. Utilizing a simplistic force-field model for
solar modulation, we find a best-fit modulation potential
(normalized at 1 AU) for electrons of ∼500 MV. We find
a smaller modulation potential for positrons, but note that
there are large uncertainties on the positron modulation
because (1) it is subdominant, and the solar halo γ-ray
emission is agnostic as to its electron or positron origin,
and (2) small errors in the LIS spectra will have a
disproportionate effect on the smaller positron compo-
nent. The large statistical dataset enabled by our astro-
physical modeling allows us to subdivide the data and
obtain the first yearly measurement of solar modulation
based on γ-ray data. Our best-fit force-field models
closely match local observations of cosmic-ray electrons
and positrons.
Critically, our γ-ray analysis allows us to perform tests

of solar modulation that are not accessible to studies
based on local cosmic-ray measurements. Notably, we
can chart the radial distribution of the eþe− population in
regions within 1 AU. We find (1) no evidence for a
decrease in the effect of solar modulation between the
Earth and 0.1 AU, compared to standard force-field
potentials (e.g., Ref. [41]), (2) no evidence for an addi-
tional energy-dependent variation in the solar modulation
potential, aside from the energy dependence of a standard
force-field model, and (3) while we find evidence for
yearly changes in the azimuthal symmetry of modulation,
these do not appear to cleanly match theoretical expect-
ations based on the polarity of the heliospheric magnetic
field. Unlike the case of solar disk γ-rays, where the γ-ray
data have numerous features that were not expected by
theory [27–29,32], the origin of the solar halo appears
well matched to our theoretical understanding of eþe−
propagation in the inner heliosphere, unlocking new
studies of both heliospheric physics as well as beyond
standard model searches for rare interactions in the inner
Solar System.
Note added. After this paper was submitted to arXiv, a

related result by Fermi-LAT Collaboration appeared [55].
Unlike our paper, this paper does not develop a full
background model for astrophysical γ-rays, nor does it
calculate the spectrum or radial distribution of the solar
halo emission. However, it overlaps our paper in that it also
focuses on the time variations of the solar disk and solar
halo fluxes relative to their averages.
Their disk results are consistent the results we pre-

viously produced in Ref. [29], but their work covers a
longer time span. Their halo results can be compared to
ours in Fig. 9 here, though we calculate the true flux of
the solar halo, allowing us to plot the results in terms of

the solar modulation potential instead of the fractional
flux variation. In the time period 2008–2012, their results
are qualitatively consistent with ours. Starting in 2013,
the solar halo flux decreases in our analysis (that is, the
modulation potential increases), which is the expected
result from both AMS-02 cosmic-ray data and also the
variation of the solar disk flux. However, the Fermi-LAT
halo flux increases, which is surprising, as they note.
Further investigations are warranted (and ongoing),
however, there are several critical details missing from
the methodology of Ref. [55] (for example, how the
exposure is calculated), and we have not been able to
obtain information about how critical analysis steps were
performed. The sophisticated background modeling in
our paper appears to be an important aspect of the
differences between the results.
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APPENDIX A: HIGH-STATISTICS MODELING

Throughout the paper we employ a “low-background”
model, which cuts approximately 81% of the total solar
exposure from our study. In principle, such a cut should be
unnecessary because our “on/off” model should exactly
calculate (to the level of statistical noise) the astrophysical
γ-ray flux due to nonsolar effects. This method has been
utilized in Refs. [29,33] and has demonstrated significant
robustness.
In Fig. 12, we show the resulting solar halo ICS flux in

our optimal angular and energy cuts, identical to the result
shown in Fig. 1. In general, we find a very close match
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between the luminosity of the solar halo between our
models. However, in the top panel we observe a significant
bump in the energy range between 1 and 3 GeV in our
“high-statistics map,” which disappears in the “low-back-
ground map.” Focusing on this energy range (bottom), we
see that this bump is most notably within ∼20 degrees of
the solar position, and decreases at larger distances from the
Sun. This indicates that it is not a simple mismodeling of
the astrophysical background—which would have a similar
surface brightness throughout our ROI.
The odd 1–3 GeV spectral feature echoes the findings

of Ref. [27], where it was first noted that there was a
statistically significant residual at energies between 1 and
3 GeV in solar observations. Discussions with members
of Fermi-LAT Collaboration (for more details, see dis-
cussions in Ref. [27,29]) determined that this residual
was already known in Monte Carlo data, but was not
expected to be observable in astrophysical data. The error
stemmed from charged cosmic-ray leakage through
ribbons in the anticoincidence shield. Because these
ribbons are oriented along the ϕ ¼ 0 instrumental coor-
dinate of the Fermi-LAT, this leakage is particularly
bright near the Sun, due to the fact that the solar panels

are also aligned with ϕ ¼ 0. The p305 Fermi-LAT
dataset, released in late 2018, was designed in part to
eliminate this systematic error.6

Compared to solar disk observations, however, the solar
halo has a surface brightness that is thousands of times
smaller, meaning that any residual contamination in the
diffuse emission may have large effects on the solar halo
spectrum. In Fig. 13 we show that ∼1% changes in the
diffuse normalization can produce 10–20% differences in
the halo normalization, due to its much lower flux. We note
that allowing the diffuse model to float in each of the 28
tested energy bins improves the log-likelihood of the fit by
128, indicating that there is a statistical preference for such
a modification, but it is relatively small compared to the
preference of the ICS halo.
However, there is a problem with this simple picture.

Our analysis finds that the background mismodeling
rate is highest along the Galactic plane, which is bright
due to γ-ray (and not cosmic-ray) emission. Cosmic-
ray electrons are expected to be mostly isotropic. This
opens a second possibility that there are systematic
errors in the γ-ray effective area of the instrument as a
function of the ϕ coordinate of the Fermi-LAT. This
would cause the calculated astrophysical γ-ray back-
ground rate to be higher or lower at a rate that correlates
with the γ-ray flux.
The most effective way of testing such a scenario is to

build a model of the Fermi-LAT effective area that isolates

FIG. 12. Same as Fig. 1, but with the inclusion of the high-
statistics model, which includes 100% of the γ-ray data, including
emission from the Galactic plane, and emission from bright point
sources. In general, the maps are in relative agreement, with the
exception of a significant 1–3 GeV spectral bump that appears in
the data at nearly all radial extensions. Notably, this spectral
feature is similar to the 1–3 GeV excess first found in the data
surrounding solar events in Refs. [27,36], but removed or
mitigated in the p305 dataset.

FIG. 13. The impact of allowing the diffuse normalization to
float (from its default value of 1) independently in each energy
bin of our analysis. We find that the model prefers diffuse
normalizations within 4% of the predicted value throughout the
majority of our analysis energy range (and values within 1–2% of
the default value in most energy bins). However, this still has a
significant impact on our ICS emission modeling, affecting the
total ICS flux by a factor of ∼20% in most energy bins, but by up
to a factor of 2.

6https://fermi.gsfc.nasa.gov/science/mtgs/symposia/2018/
program/89/.
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specific ranges of the ϕ coordinate and then calculates the
resulting flux of the γ-ray sky. However, such a study is not
currently possible within the standard version of the Fermi-
LAT tools, which makes it impossible to directly cut on the
ϕ dependence of the Fermi-LAT effective area. Further
testing is necessary to study this effect, in order to
determine whether it is responsible for the 1–3 GeV bump
in the γ-ray background.
We note that additional cuts (e.g., larger latitude cuts or

larger point source masks) had a negligible effect on the
resulting ICS template, and we consider the current
masks to be sufficient for calculating the true flux of
the solar halo.

APPENDIX B: SOLAR HALO SKY MAPS

In Fig. 14 we show illustrated sky maps of the solar
halo in six energy ranges that span our analysis:
31.6 MeV–100 MeV, 100 MeV–316 MeV, 316 MeV–
1 GeV, 1 GeV–3.16 GeV, 3.16 GeV–10 GeV, and finally
10 GeV–100 GeV. We stress that our quantitative analysis
is divided into eight logarithmic energy bins per decade
spanning the range from 31.6 MeV to 100 GeV, and the
results shown here are produced by summing the results
from several energy bins. These results are shown using the
“high-statistics” model, which has more uniform exposure
over the sky and thus better illustrates the morphology of
the solar halo emission.

FIG. 14. The reconstructed solar halo emission in six representative energy ranges: 31.6–100 MeV, 100–316 MeV, 0.316–1 GeV,
1–3.16 GeV, 3.16–10 GeV, and 10–100 GeV. The plots show a combination of the solar halo emission plus all residual emission that is
not absorbed by either the diffuse background or solar disk template. The halo is robustly detected in all energy bins.
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Our results show the combination of all emission that
is not absorbed by either the astrophysical background
model or the solar disk template. Thus, it includes
both the solar halo as well as any residual emission that
is not accounted for in our model. For this plot, however,
we smear the resulting map with a 4° Gaussian PSF in

order to better highlight large-scale features such as the
halo itself.
Our results show that the solar halo is robustly detected

and roughly azimuthally symmetric in every energy range
in our analysis, and is by far the brightest residual feature in
our maps.
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