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ABSTRACT

Cosmic-ray (CR) sources temporarily enhance the relativistic particle density in their vicinity over
the background distribution accumulated from the Galaxy-wide past injection activity and propagation.
If individual sources are close enough to the solar system, their localised enhancements may present as
features in the measured spectra of the CRs and in the associated secondary electromagnetic emissions.
Large scale loop like structures visible in the radio sky are possible signatures of such nearby CR sources.
If so, these loops may also have counterparts in the high-latitude ~-ray sky. Using ~10 years of data
from the Fermi Large Area Telescope, applying Bayesian analysis including Gaussian Processes, we
search for extended enhanced emission associated with putative nearby CR sources in the energy range
from 1 GeV to 1 TeV for the sky region |b| > 30°. We carefully control the systematic uncertainty due
to imperfect knowledge of the interstellar gas distribution. Radio Loop IV is identified for the first
time as a y-ray emitter and we also find significant emission from Loop I. Strong evidence is found
for asymmetric features about the Galactic | = 0° meridian that may be associated with parts of the
so-called “ Fermi Bubbles”, and some evidence is also found for y-ray emission from other radio loops.
Implications for the CRs producing the features and possible locations of the sources of the emissions
are discussed.

Keywords: astroparticle physics — cosmic rays — diffusion — Galaxy: structure — gamma rays: ISM

— ISM: structure

1. INTRODUCTION

After more than 100 years of observations, the pre-
cise origin of cosmic rays (CRs) and the nature of their
propagation in the Galaxy remains as an outstanding
question in astrophysics. The body of evidence suggests
that supernova remnants (SNRs) are the main source
class (e.g., Ackermann et al. 2013; Amato 2014a), but
pulsar wind nebulae have also been observed to acceler-
ate electrons to very high energies (e.g., Amato 2014b;
Abeysekara et al. 2017), making them clear candidates
as CR sources as well. Other sources include shocks
in stellar winds of massive stars and jets originating
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from compact objects like neutron stars, stellar black
holes (Dubus 2013), massive black holes at the centres
of galaxies (Madejski & Sikora 2016), and gamma-ray
bursts (Wick et al. 2004). In general, hypothesised
sources of CRs have in common that they are usually
discrete in both time and space, resulting in highly lo-
calised spatio-/temporal CR injection into the interstel-
lar medium (ISM).

Following acceleration at the sources, the CRs scatter
off magnetic fields in the Galaxy in a process that can
be approximated as diffusion (see, e.g., Grenier et al.
2015, for a review). This diffusive propagation scram-
bles directionality, hence the CR data do not provide
information about the spatial location of the individual
sources. While propagating the CRs interact with the
components of the diffuse ISM, producing v-rays from
nuclei-nuclei interactions and electron-bremsstrahlung
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emission on the interstellar gas, and electrons inverse
Compton (IC) scattering the interstellar radiation field
(ISRF). For energies - 30 TeV, the v-rays travel mostly
unimpeded from their origin (e.g., Moskalenko et al.
2006; Porter et al. 2018) and can provide the crucial
directional information for probing the detailed spatial
distribution of the CRs. This has been utilised to infer
the CR distribution in the nearby interstellar space (e.g.,
Abdo et al. 2010a; Casandjian 2015) and outer Galaxy
(e.g., Ackermann et al. 2011), assuming that the CRs
vary smoothly with Galactocentric radius.

Porter et al. (2019) studied the effect of spatio-
/temporal discrete CR, sources on predictions for broad-
band (radio, X-rays, ~-rays) diffuse emissions. For
nearby discrete CR sources, excess emission over smooth
CR source models is expected, which should be most ev-
ident for latitudes outside the Galactic plane. Under the
assumption that the source accelerates both nuclei and
electrons, the excess is more prominent in the IC emis-
sion than the gas-related emission. Generally, the more
rapid energy losses for the high-energy electrons cause
bright emissions from the nearby vicinity of the individ-
ual sources. Enhanced emission around discrete sources
is also expected from the gas-related component, but
with lower intensity. For both processes, the emission is
expected to be spectrally harder than the background,
and would present as broadly distributed on the sky,
likely with low surface brightness. Extracting such sig-
nals from the GeV photon data is difficult because of
the low statistics, low spatial resolution, and a-prior:
unknown distribution of the emissions on the sky. De-
tections of such features would be a clear signature of
recent CR source activity and provide the important ev-
idence for the origin of CRs and their recent history.

This paper describes our analysis of the high-latitude
~-ray sky observed by the Large Area Telescope (LAT)
(Atwood et al. 2009) onboard the Fermi Gamma-ray
Space Telescope. We use Gaussian Processes (GPs,
Cressie 1993) to model the sky distribution of the struc-
tured gas and smooth IC components illuminated by the
CRs in the ISM. GPs have been used extensively in geo-
statistics where they were originally developed and are
better known as kriging (Chileés & Desassis 2018). They
allow for recovery of structures via their connectedness
properties without the imposition of specific spatial tem-
plates. Because of the high degree of dependence be-
tween neighbouring regions in the ~-ray sky — expected
to be spatially correlated due to the CR diffusion in the
ISM — the GPs are an appropriate tool for our analysis
that is attempting to identify extended structures with
a-priori unknown distributions on the sky. We iden-
tify several features of enhanced flux, including radio

Loops I and IV (see, e.g., Vidal et al. 2015, and refer-
ences therein), as well as extended features that may be
associated with parts of the so-called “Fermi Bubbles”
(FBs; Su et al. 2010).The paper is organised as follows.
The data and methods are described in Sec. 2, which
also contains results from dedicated simulations to test
the method. The results are described in Sec. 3 and we
discuss and summarise in Secs. 4 and 5, respectively.

2. DATA AND MODEL
2.1. Fermi-LAT data and fitting procedure

The LAT is a pair conversion telescope sensitive to
photons in the energy range from around 30 MeV to
greater than few hundred GeV (Atwood et al. 2009).
Due to its surveying observing strategy and wide field
of view, the LAT data have nearly uniform coverage of
the entire sky and are well suited for studies of large
scale structures. This study uses ~10 years of the
most up-to-date data release of P8R3 photon events
(Bruel et al. 2018; Atwood et al. 2013). The time
range is identical to that used in the second data re-
lease (DR2; Ballet et al. 2020) of the Ferms-LAT fourth
source catalog (4FGL; Abdollahi et al. 2020). This en-
sures that the source properties can be used directly
without re-adjusting for possible variation caused by
known time evolution of the most common source class,
the active galactic nuclei (AGN). This analysis uses
the ULTRACLEANVETO photon event type and the asso-
ciated P8R3_ULTRACLEANVETO_ V2 instrument response
functions (IRFs).

The data are binned into a HEALPix" grid with Nsjge
of 256 (order 8), having a spatial resolution of ~0.25°.
The data are analysed independently in 4 coarse energy
bins (1-3 GeV, 3-10 GeV, 10-60 GeV, and 60-1000 GeV)
with each split further into 4 equally spaced logarith-
mic sub-bins. This energy binning is a compromise be-
tween a fine energy resolution and having enough statis-
tics for each bin to constrain the spatial distribution
of the model. The sub-bins allow for spectral separa-
tion of the gas/structured and smooth components of
the model, which are expected to have different spectral
shapes (see Sec. 2.2 for the model description). To avoid
complications arising from modelling the Galactic plane,
the analysis is restricted to latitudes |b| > 30°. This lat-
itude cut is motivated by the results of Porter et al.
(2019) that showed the effect of discrete CR sources to
be largest away from the plane. It also removes most
of the contribution of molecular gas and the Galaxy in
general, and allows for a simpler model of the sky.

1 https: / /healpix.jpl.nasa.gov/
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The analysis is Bayesian in nature and parameter sam-
pling and optimisation is performed using the Stan plat-
form for statistical modelling?. The no U-turn sampler
(NUTS) provides the required efficiency to accurately
sample the high number of model parameters in a rea-
sonable time. For each run, 30 chains are started con-
taining 400 samples each for a total of 12000 points per
analysis. For performance reasons, the chains are all
started from the same warm-up phase that also contains
400 points as explained in the manual for the Python
interface of Stan. Independence is achieved by start-
ing each chain with a unique seed and adding an ex-
tra warmup phase of 25 points. Random spot checks
of chains show that they are fully developed using this
method, and the R-statistics calculated by Stan return
1 for all variables over the runs indicating convergence.

2.2. Model

The model is based on the simple assumption that
the ~-ray emission from the high-latitude sky can be
separated into distinct components: (i) emission from
point-like and slightly extended sources as listed in the
4FGL-DR2, (ii) structured emissions originating from
interactions between CRs and the interstellar gas, and
(iii) a smoothly distributed emissions from interactions
between CRs and the ISRF, as well as from unresolved
sources and irreducible background in the data. This
is well motivated by theoretical expectations as well as
previous studies of the LAT data (e.g., Ackermann et al.
2012a,b). For the first component, the source properties
are kept fixed to that listed in the 4FGL-DR2. Because
most of the resolved point sources in the region of inter-
est are AGN, and this source class is known for nearly
all cases to have curved spectra when statistics are high
enough (Abdollahi et al. 2020), sources that are listed
as having a preferred power-law spectra are modelled
using the provided log-parabola spectrum instead, so as
to not bias the analysis by ignoring curvature of faint
sources. This criterion was also applied when deriving
the interstellar emission model used for the 4FGLS.

We model the gas column density distribution using
four different tracers: the HI4PI 21-cm H i line emission
(HI4PI Collaboration et al. 2016), the dust optical depth
at 353 GHz (73s3), dust radiance (Planck Collaboration
et al. 2016a), and optical extinction Ay (Planck Col-
laboration et al. 2016b). The Hi line emission should
be the most accurate in determining the neutral hydro-

2 https:/ /mc-stan.org/

3 https://fermi.gsfc.nasa.gov /ssc/data/analysis /software/aux/
4fgl/GalacticDiffuse  Emission Model for the 4FGL
Catalog Analysis.pdf

gen column density for an optically thin medium, but
it will miss any molecular contribution, and correcting
for optical thickness effects is not trivial. Dust emis-
sion/extinction have been shown to be better tracers of
the total gas column density (e.g., Grenier et al. 2005;
Abdo et al. 2010a; Ackermann et al. 2011), but varying
and uncertain dust properties make them susceptible to
other systematic errors (Remy et al. 2017, 2018). For
this work, we use multiple templates to reduce the ef-
fects of the different systematics.

For each of the four gas tracers, template maps are
generated under different assumptions for converting the
respective data to gas column densities. The H i data are
converted to column densities under the assumption of a
uniform spin temperature of Ts = 100 K and Ts = 50 K
(see, e.g., Ackermann et al. 2012a, for more details), re-
spectivley, producing two slightly different templates.
Preliminary investigation showed that the difference be-
tween templates using the optically thin assumption and
Ts = 100 K were minor in our regions of interest, hence
the former is not used in this analysis. For the dust
emission, D, the gas column density, G, is calculated
using

G = Xq(D—do)*" (1)

where Xy is the dust-to-gas ratio, dp is a global offset,
and a accounts for possible non-linearity in the conver-
sion from gas to dust. This form has been used before
in analysis of y-ray data where the best fit value was
a ~1.4 (Hayashi et al. 2019). For this analysis, the
value of « is chosen to be one of 1.0, 1.2, and 1.4 and
the values of Xgq and dy are determined using a maxi-
mum likelihood fit. For technical reasons, the parame-
ters are determined in the fit using the inverse of Eq. 1.
That is, the dust column density is the data and G is
the optically thin Hi column density. We use the Stu-
dent’s t likelihood to reduce the effect of outliers caused
by missing molecular gas with v = 10 degrees of free-
dom. We use the uncertainties reported for the various
dust tracers when forming the likelihood, except for the
Ay data. A per-pixel uncertainty for this tracer is not
provided. Therefore, we assume for Ay a fixed 3% un-
certainty, which is the mean for the 7353 data. The fit
is limited to |b| > 30° and, to further reduce the effects
of the missing molecular gas, the fit is iterated several
times removing pixels where the model underestimates
the observed dust data by >5 standard deviations in
each iteration. The resulting parameters are given in
Table 1. Because the model, described below, includes
an overall normalisation of the gas component, the ex-
act value of Xy has no effect on the final estimated ~-ray
intensity and only influences the absolute normalisation
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Table 1. Parameters used for the determination of the dif-
ferent gas templates based on dust based observations.

Dust map Xq? do b
353 10| 114 10 26 107
Tan/ 12| 164 105 | 16 107

14| 417 10 46 107
Radianced 1:0 4:8 10% 4.4 10 U

Rad/ 12| 29 10 | 46 10°
1:4 4:8 10% 1:3 108

Ay € 1.0 86 107 0:095

Al 12|95 10 cm? 0:011
1:4 | 1:1 10" cm? 0:062

arm appropriate units so the output column density is
cm 2.
bIn units of the dust map, see below.

CCOM_CompMap_Dust-GNILC-Model—
Opacity 2048 R2.01.fits, no
units.
dCOMiCompMapiDust—GNILC—
Radiance 2048 R2.00.fits, in units of
Wm 2sr L.
eCOM_CompMap_Dust—DLO?—AVMaps_2048_R2.00.ﬁts,
in units of magnitudes.

f Identifier for the different maps

of the emissivity spectrum. By using the optically thin
Hi data in the fit, we minimise this unavoidable effect.

To facilitate the discussion, each map is labelled using
the identifier given in the table appended with 10a, e.g.,
Rad12 is the map based on radiance data with a = 1.2.
For the Hi data, the labels are HI50 and HI100 for a spin
temperature correction of 50 K and 100 K, respectively.
The heavier elements in the ISM are assumed to be well
mixed with the hydrogen gas and are included to give the
total gas column densities utilised for the data analysis.
To do this we multiply each template by a factor 1.42,
assuming a hydrogen mass fraction of 70%.

To account and search for possible non-uniformity in
the density of CRs, the directional emissivity* of the gas
component and the intensity of the smooth component
are modelled using GPs. GPs are spatial random pro-
cesses that build upon the Gaussian distribution and are
constrained using a covariance function that depends in
most cases on the distance between two spatial points.
The spatial binning of the sky for the GPs are based on
the HEALPix pixelisation, using an Nsjge parameter of

4 Defined as the intensity of the gas component divided by the gas

column density.

4 and 8 for the directional gas emissivity and intensity
of the smooth component, respectively. Finer binning is
used for the smooth component because it is expected
to vary more rapidly due to the fast cooling of electrons
at the highest energies. The resolution, and hence the
characteristic size of the GPs, is deliberately kept larger
than the size of the LAT point-spread-function (PSF).
For the current data selection, the 68% containment ra-
dius of the PSF is ~1° at 1 GeV and reduces for higher
energies®. This is considerably smaller than the charac-
teristic radius of the pixels in the GPs, which are ~7°
and ~15° for the smooth intensity and gas emissivity,
respectively. To avoid sharp edges at the pixel bound-
aries, the emissivity and intensity values are interpolated
to a HEALPix grid with the same resolution as the data
(Nsige = 256, see Sec. 2.1) using the HEALPix interpo-
lation facility.

As an implementation convenience, we use the GPs to
model the directional emissivity and smooth intensity as
correction factor spatial distributions that are applied
to otherwise uniform emissivity and intensity power-law
spectra. In other words, the GPs model the spatially de-
pendent departures from isotropic sky distributions for
the emissivity and smooth intensity components. We
take for the emissivity a spectrum with power-law index
—2.7 that is normalised to 3.5 x 10733 MeV~1 571 sr~1
at 10 GeV. This is based on the emissivity derived from
high-latitude LAT data (Casandjian 2015). For the
smooth intensity, the power-law index is —2.2 and it
is normalised to 9 x 1078 MeV~! em™2 s71 sr1 at
100 MeV, following the derived isotropic background
spectrum®. Correspondingly, the model intensity for en-
ergy F and direction g is

M(E,§) = Ny(0) E% " Ty(E.6)
s (2)
- No(6) EE Ty(E) + T¢ (E. ),

where Ng;s are the spatial correction factors for the
structured (gas) and smooth templates, respectively,
that are based on the GPs and described further be-
low. Tgy is the gas template map multiplied with the
power-law uniform emissivity spectra, Tj is the isotropic
template for the smooth component, and T¥ is a fixed
template containing the sources in the 4FGL-DR2. Both
the gas and the smooth template are additionally scaled
with a power-law correction, 7g;s, to globally adjust their

5 https://www.slac.stanford.edu/exp/glast /groups/canda/lat
Performance.htm

6 https://fermi.gsfc.nasa.gov /ssc/data/access/lat/
BackgroundModels.html
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spectral shape for the two hemispheres and within each
of the larger energy bins (see Sec. 2.1), with Fy fixed
to the geometrical mean energy of the coarse bin be-
ing analysed. The input spectrum chosen above is thus
allowed to be adjusted in the analysis, freely between
coarse bins and using the power-law adjustment within
coarse bins. In this analysis, F and g are discretised
and the model is evaluated in the same binning as the
data, which is described in Sec. 2.1. The model inten-
sity is evaluated at the centre of each pixel and geometric
mean value of each of the finer sub-energy bins.

To avoid negative values in the model, Ny and Ns are
modelled as the exponential of the GPs

Ny :fint ,UXGNX , (3)

where

Nx ~ N(0,Cx) (4)

is the actual GP. Here the subscript x stands for either g
or s, fint is the interpolation function scaling the GP to
the full resolution of the data, and pux is the exponential
of the mean value of the respective GP. Modelling the
mean is necessary to ensure that the fluctuations are
properly centred. This formulation is similar to, but not
exactly the same as, a log-normal process. The elements
of the covariance matrix Cy are modelled with a Matérn
(Matérn 1986) function

_digj
Cxi; = 0.105e” 7 % (5)

where dj;j is the angular distance between pixels ¢ and
j. The characteristic distance px allows for flexibility in
the correlation length, while the amplitude parameter
Bx sets the magnitude of the fluctuations.

In addition to the free parameters of the GPs that are
constrained by their respective multi-normal distribu-
tions, the model has 8 more parameters, px, Ox, fix, and
~x (the subscript  stands for either g or s) that require
a prior. The inverse gamma-function is used for px with
the shape and scale parameters both set to 5, with the
distances in the covariance function (dj.j in Eq. 5) scaled
such that the peak of the distribution corresponds to 50°
for pg and 15° for ps’. The prior for fx is the half stan-
dard normal distribution and for ux it is a log-normal

distribution based on the standard normal distribution.
Finally, the prior for v« is a normal distribution with a
mean 0 and standard deviation of 0.1. The half stan-
dard normal prior for By ensures that the fluctuations
are suppressed to reduce the effects of random statistical
variation in the data.

For the likelihood calculations, the model M (E, 6) has
to be convolved with the IRFs, which is a computation-
ally intensive operation. To save time, only the model
templates Ty, Ts, and T¥ are convolved with the IRFS,
and only once at the start of the analysis. This optimisa-
tion assumes that modifications to the model-predicted
counts are directly proportional to changes in the in-
tensities. The validity of this approach has been tested
with simulated data using a best-fit output model from
the analysis procedure as input templates (Ty and Ts in
Eq. 2), and re-running the analysis (see Appendix A for
details). If convolution with the IRFs were to produce
strong effects, this new run would show significant vari-
ations from the best-fit results. However, the resulting
GPs were consistent with the identity within the sta-
tistical uncertainties. The small changes are dominated
by overall normalisation and spectral modifications with
hardly any spatial variations. These small changes are
nearly eliminated by modifying the input spectrum of
the templates Ty and Ts with the mean spectrum of Ny
and Ng, respectively, in each coarse energy bin and hemi-
sphere. Our results on the spatial distributions with
these simplifying assumptions are therefore robust, and
there is no need to do the IRF convolution each time
the likelihood is evaluated®. In this work, the model
templates Ty, Ts, and T¥ are converted from intensities
to counts using the GaRDiAn code (Ackermann et al.
2012a). It takes into account the energy and spatially
dependent exposure and PSF of the LAT, and accounts
for the energy dispersion of photons.

2.3. Simulations

We employ simulations to validate the modelling as-
sumptions and analysis pipeline. The simulations test
the effectiveness of the spectral corrections to adjust the
model to the data, the separation of components, the
sensitivity of the GPs to extracting enhanced emissions
from recent discrete CR source injection, and the ef-
fect of the fixed point source component. Only a subset
of the simulation results are presented here — enough to

7 The inverse gamma-function with shape and scale of 5 peaks at
around 1 with a range of a factor of few. Rather than adjusting
the gamma-function parameters, it is more convenient to adjust
the scale of the distance to have the prior appropriate for the
binning. We picked 50 and 15 based on the size of the pixels
used for the respective GPs. The results are insensitive to the
exact value of these parameters: a factor of 2 up or down will
not alter them significantly.

demonstrate the sensitivity and component separation —
with the remainder given in Appendix A. To summarise,

8 This is because the pixel size of the GPs are much larger than
the size of the PSF. Using finer resolution GPs would require an
IRF convolution for each likelihood evaluation.
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Table 2. The parameters of the three enhanced emission
regions used in the simulations.

Centre (I;b) [deg] ‘ Width [deg] ‘ Magnitude®

(20;70) 15 20%
(240; 50) 7 30%
(330; 30) 20 15%

8The fraction for the smooth component at 10 GeV

the simulations demonstrate that the spectral correction
is effective and a single iteration applying the mean spec-
trum to the input template is enough to get a reliable re-
sult. The simulations also demonstrate that reasonable
variations in properties of the sources in 4FGL-DR2 do
not affect the results of the GPs.

The simulations are made at the pixel level. The GaR-
DiAn code is used to convolve the input intensity maps
into expected counts binned in both sky position and en-
ergy. The simulated data are then drawn from Poisson
distributions whose rates are given with the binned ex-
pected counts. This method is much simpler than using
the Fermi gtobssim tool®, which simulates each photon
individually, and is sufficient for this work where the
photon data are analysed in a binned fashion.

While our method is Bayesian and requires the eval-
uation of the entire posterior distribution for the data,
we use a simplified analysis for the simulations finding
only the maximum of the posterior distribution. This
is much faster and enables easy analysis of many sim-
ulations to test for biases and estimate the statistical
uncertainty through a frequentist approach. We make
2000 simulations for each case and the maximum pos-
terior value for each parameter is stored. The resulting
distribution for each parameter is then analysed to es-
timate the statistical uncertainty and look for biases in
the results by comparing to the truth.

To test the ability of our technique to extract an ex-
pected signal of enhanced emissivity of the gas and in-
tensity of the smooth background, we first make an ide-
alised simulation/analysis. The background consists of
emission from a gas component based on the HI100 tem-
plate with uniform emissivity power-law spectra with in-
dex of —2.7 and an isotropic component whose intensity
spectra is a power-law with an index of —2.2. Three
localised enhanced emission contributions are modelled
using Gaussian spatial distributions with varying width,
central location, and magnitude. These regions are

9 https://raw.githubusercontent.com /fermi-lat /fermitools-
fhelp/master/gtobssim.txt

added to both the structured and smooth components
as a fraction of the underlying background.

We make the spectra of these regions harder than the
background components, which is similar to what we
might expect if there are such signatures in the LAT
data. For the smooth component the enhanced emis-
sion regions have indices —2.0 (0.2 dex harder) while for
the gas component, the indices are set to —2.6 (0.1 dex
harder). The intensity/emissivity of each region is set as
a fraction of the underlying background, and the frac-
tion for the gas emissivity is always a third of that of
the smooth component. The parameters for each region
are listed in Table 2.

Figure 1 shows the results from our analysis of the
2000 simulations using this model for our northern hemi-
sphere (NH) and southern hemisphere (SH) regions of
interest. Shown are both the smooth intensity as well
as the gas emissivity. The method is clearly able to pick
up even the faintest of the three enhanced regions in the
smooth component at approximately the correct level.
There are some deviations between the input truth and
the model, because the spatial resolution of the GPs is
not as fine as that of the mock data and hence does not
precisely trace the peaks and exact shapes. But, the
overall agreement within the limitations is very good.
The same can not be said for the enhancements in the
gas emissivity which are not as cleanly recovered. This is
due to a combination of factors, including limited statis-
tics, the limited spatial resolution in the model for the
structured component, and that the enhanced regions
are less distinct from the background emissions. The
separation of the gas and smooth components is difficult
at the highest energies due to limited statistics. This is
a general feature for all the simulations and is caused
by the limited collecting area of the LAT in the highest-
energy bin that we employ for this analysis. Because of
the prior on fx, and that the smooth emission is gener-
ally more intense in the highest energy bin, features in
the gas component are often erroneously assigned to the
smooth component.

The analysis above utilises the same gas column den-
sity map that was employed to create the simulated
data. This is not a realistic situation, because the
true column density of gas in the Galaxy is imperfectly
known. To examine the systematic effect of this for our
method, we take the simulations of the three enhanced
emission regions that were created using the HI100 map,
and re-run the analysis method using the TaulO map.
The results are shown in Fig. 2. It is clear that the incor-
rect gas template has a significant effect on the results.
There are significant fluctuations in both the recovered
intensity of the smooth component and the gas emis-
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Figure 1. The results from analysis of 2000 simulations based on an idealistic model with three regions of enhanced emission
using the same column density map for the simulation and analysis. Shown is the emissivity of the gas component (left) and the
intensity for the smooth component (right) at the geometric mean energies of the four energy bins (1.7 GeV, 5.5 GeV, 24 GeV,
and 240 GeV from top to bottom). The maps are in Galactic coordinates and use the orthographic projection with the north
hemisphere (NH) on the left and the south hemisphere (SH) on the right. The graticules are spaced 30 apart in latitude and
45 in longitude. The fractional colour scale for each column is shown at the bottom and the units are shown below each panel.
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Figure 2. The results from analysis of the 2000 simulations based on the idealised model with three regions of enhanced
emission. The simulations use the 21-cm HI4PI data, while the analysis on the mock data use the 353 dust map with =1:0.
Shown is the emissivity of the gas component (left) and the intensity for the smooth component (right) at the geometric mean
energies of the four energy bins (1.7 GeV, 5.5 GeV, 24 GeV, and 240 GeV from top to bottom). The maps are in Galactic
coordinates and use the orthographic projection with the NH on the left and the SH on the right. The graticules are spaced
30 apart in latitude and 45 in longitude. The colour scale differs from that used in Fig. 1. The results for the highest energy
bin are very similar using either representation for the gas component analysing the simulated data.
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sivity at a level much higher than the injected regions.
Only for the highest two energy bins, where the struc-
tured component is negligible for the total emission, do
we recover the input.

Because the results are very sensitive to the actual
structure of the gas map, it is important to use an appro-
priate measure to identify sky regions where the analysis
performs sub-optimally. The likelihood value only gives
the best performing model, which is unhelpful if none
of the models represent the truth. Visual inspection of
residual maps from the simulations does not reveal any
apparent structure and therefore they cannot be used
to indicate a problem with the fit. However, analysis
of the simulations does show that where the recovery of
the truth is problematic, there is a clear anti-correlation
between the mean normalisation of the two templates.
Such behaviour is not expected in reality. True phys-
ical changes in the templates should be correlated for
combined CR nuclei/lepton injection when the target
density is high enough, or independent for the cases of
CR nuclei- /lepton-only injection or when one of the tar-
get densities (gas/ISRF) is too low for significant -ray-
emission.

Regular correlation tests, such as the Pearson-r test,
applied to the posterior distribution of the parameters
are unfortunately not suitable, because there is an anti-
correlation between the normalisations of the structured
and smooth components even for the idealised case. The
deviation of the mean normalisation of each pixel, Ny: i
from the mean normalisation of the entire map, Ny, is
the appropriate indicator for our purpose. This needs
also to be scaled by the standard deviation of the nor-
malisation of each pixel. The final correlation statistic
is thus - o -
(Ng;j — Ng)(Ns;j — Ns)

S(Ng:j)S(Ns;j) ’

- (6)
where S(Nyx:j) is the standard deviation of the posterior
sample for Ny.j and Ny is its mean. This correlation
differs from standard image based one that is usually
normalised with the standard deviation of the pixels in
the image. Here the normalisation is based on the sta-
tistical distribution in each pixel. The absolute values
of the correlations thus provide information about the
magnitude of the correlations in terms of statistical sig-
nificances.

Figure 3 shows the correlation statistic (Eq. 6) for the
simulations with the 3 enhanced emission regions, both
for the analysis using the HI100 map and the TaulO
map, respectively. The correlations are clearly positive
where the enhanced emissions regions are located us-
ing the correct gas column density map as a template,
while there are clear negative correlations when employ-
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Figure 3. Correlation between the variation from the mean
of the emissivity and intensity according to Eq. (6) for the
three region simulation. Top panel shows the correlations for
the lowest energy range for the analysis using the HI100 map,
and the bottom panel the same for the analysis using the
TaulO map. The correlations are normalised to the statistical
error of the analysis, hence the different ranges for the colour
scale. The maps are in Galactic coordinates and use the
orthographic projection with the NH on the left and the SH
on the right. The graticules are spaced 30 apart in latitude
and 45 in longitude.

ing the incorrect map. The negative correlations are
also much larger in magnitude and align very well with
artifacts that are visible in the smooth intensity map
in Fig. 2. However, the correlation map is not a per-
fect indicator. There are large positive correlations that
are associated with regions where both maps are nega-
tive. These are though fewer, and also of smaller abso-
lute magnitude, than the negative ones. The correlation
statistic (Eq. 6), in combination with the maximum like-
lihood of the models, can therefore be used to filter out
regions where the results are susceptible to systematic
error caused by imperfect knowledge of the gas column
density. It is also necessary to interpret the results in
terms of all energy bins, because the effects of an in-
correct gas template is expected to be smaller at the
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highest energy bins due to the steeper spectrum of the
gas component.

2.4. Adjusting the gas templates

The individual gas templates listed in Sec. 2.2 are not
expected to give a perfect representation of the struc-
tured emissions in the Fermi-LAT data. However, it has
been shown that a linear combination of these maps can
provide a good description of the gas-related y-ray emis-
sion for small regions of the sky (e.g., Abdo et al. 2010a;
Ackermann et al. 2011). It is also known that the likeli-
hood is a good indicator of the best-fit gas maps. There-
fore, for the LAT data analysis we will use a composite
gas column density map created by segmenting the sky
into a HEALPix grid with Ngjge of 8 and selecting in each
pixel the gas template whose model is best according to
the Akaike information criterion (AIC, Akaike 1974) for
that region. This will produce an “index” map into the
gas templates. To avoid sharp boundaries, this coarse
grid of “indices” is interpolated to the original resolution
of the templates, resulting in a linear combination of the
maps for all directions, except those directly underneath
the centre of pixels in the “index” map.

We employ simulations to test this composite gas map
with the analysis methodology. We used as input a gas
map constructed by selecting an arbitrary “index” map.
The simulation is performed using uniform smooth in-
tensity and emissivity. As before, 2000 simulations are
created and each simulation is modelled using one gas
template at a time. The likelihood of the results is com-
pared and an “index” map constructed by selecting the
maximum likelihood for each region. The resulting com-
posite gas map is used to analyse the simulation for the
end result.

Tallying the per region likelihood comparisons, the
correct gas map is selected most frequently for about half
of the pixels. For the pixels where the incorrect gas map
is selected, it is in more than 80% of the cases strongly
correlated with the correct map in the regions, having
Pearson’s r-coefficient >0.9. For those with smaller cor-
relation, in about two thirds of the cases the incorrectly
selected map is used in a neighbouring region in the
correct map. This still leaves ~10 regions with an in-
correct gas map that is not strongly correlated with the
correct one, and not selected because of neighbouring
regions. For most of these, none of the maps is strongly
preferred and the correct gas map is selected frequently,
even though it is not the most frequent. The reason
for the method failing in those particular pixels is not
clear, but it is likely caused by the correlations that are
imposed in the analysis through the GPs.

To estimate the effect of these biases, Fig. 4 shows the
ratio of the analysis mean of the two emission compo-
nents (structured, smooth) over the simulation truth. If
there was no bias, these maps should show no structure.
However, there are clear biases visible at the level of up
to 20%. This should be compared to the standard devia-
tion of the results, which is of the order of 10% for both
components. This means that the bias is larger than
the statistical power of the results, but only slightly.
The biasing is predominantly toward lower latitudes at
the boundaries of our regions of interest, where the gas
distribution is more uncertain and a larger fraction of
the total intensity. Bias in the recovered intensity of the
smooth component is therefore dominated by low lat-
itude emission. The correlations for the lowest energy
bin using Eq. 6 are shown in Fig. 5. The correlations are
overall small and only marginally larger than for simu-
lations using a perfect gas map. Compared to the upper
panel of Fig. 3 the correlations are negative in this case
and most of the largest deviations show signs of negative
correlations.

We repeat the simulations with additional random
permutations of the input truth map. While the details
change, the size and location of the bias is very similar
between different simulation analyses. We conclude that
our method is able to reliably discriminate fluctuations
that are larger in magnitude than few tens of percent,
while smaller perturbations are susceptible to biases in
the analysis.

3. RESULTS

In the first phase of the work we analyse the LAT data
(Sec. 2.1) using each of the candidate gas column den-
sity maps (Sec. 2.2) to establish the best-fit composite
gas map. For each run we require the R-statistic for the
combined chains to be equal to 1 and visually inspect
the posterior distributions and the trace of the chains.
These checks confirm that the chains are properly con-
verged and that the posterior distributions for all pa-
rameters, except the hyper-parameters § and p, are well
approximated by normal distributions. Therefore, we
can use the posterior mean as an approximation for the
maximum posterior, which gives a more robust result
than using the maximum posterior value from the single
best point within the chains. The model, with the pa-
rameters determined this way, is then used to calculate
the likelihood values for constructing the final best-fit
gas map, as described in Sec. 2.4. We only use the low-
est energy bin to evaluate the likelihood, because it has
the largest fraction of the intensity coming from the gas
component and is therefore least sensitive to the details
of the smooth component. The maps of the AIC rela-
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Figure 4. Ratio of the mean of the results when analysing the 2000 simulation of the random gas map using the best-fit
likelihood to estimate the correct gas map over the simulation truth. The maps are in Galactic coordinates and use the
orthographic projection with the NH on the left and the SH on the right. The left column shows the ratio of the gas emissivity
while the right shows the ratio of the intensity of the smooth component. The ratio is calculated at the geometric mean of each
of the energy bins, from top to bottom: 1.7 GeV, 5.5 GeV, 24 GeV, 240 GeV. The graticules are spaced 30 apart in latitude
and 45 in longitude.
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Figure 5. Correlation between the variation from the mean
of the emissivity and intensity according to Eq. (6) for the
lowest energy bin in the random gas map simulation. The
maps are in Galactic coordinates and use the orthographic
projection with the NH on the left and the SH on the right.
The graticules are spaced 30 apart in latitude and 45 in
longitude.

tive likelihood of the models are shown in Fig. 6. White
pixels represent the best model, while shades of yellow
and light blue indicate models with high probability of
being the best. It is evident that while many regions
show a clear preference for one map over others, there
are many pixels without a clear distinction. An example
of the former case is toward the lower latitudes in the
SH around [ ~ 290°, while the polar regions are good
examples of the latter case.

The overall best-fit gas map in the NH is the radi-
ance map, and for the SH it is the 7353 map. However,
the best fit across different hemispheres is not always a
strong indicator of the map being best for more localised
regions. In particular, the Rad12 map is much better
on average than the HI50 map in both hemispheres, yet
the HI50 map contains about twice as many pixels in
the composite map used for the final analysis. As a con-
sequence, the exact size and location of the comparison
regions may affect the final results to some degree. The
resulting gas map used for the final analysis, shown in
Fig. 7, is therefore not unique. Other gas maps with
a similar level of optimisation and attendant per-pixel
variation are possible, which depend on the details dis-
cussed above. Such variations are expected to have an
effect at a similar level as the simulations in Sec. 2.4 (see
Fig. 4) which are around 10% to 20%.

We caution also that the final column density gas map
derived in this analysis should be interpreted with some
care, because the absolute adjustment of the dust col-
umn density is uncertain and could very well vary be-
tween the different dust maps. In case the absolute cal-
ibration of the dust maps is biased, the analysis will

compensate for this by adjusting the emissivity. Hence,
in the final analysis any variations in the absolute col-
umn densities are corrected for by the emissivity term.
The effect of this is minimised by tuning the gas-to-dust
ratio using the column density estimated from the opti-
cally thin Hi gas, but this only corrects the map glob-
ally over the whole sky. If there is a significant variation
in the gas-to-dust ratio over the sky, the determination
of the emissivity will be affected, which will also in ex-
treme cases affect the intensity of the smooth compo-
nent. As we show below, though, the lack of significant
variations in emissivity and small anti-correlations be-
tween the emissivity and smooth components provides
evidence that this is not a major issue, and the separa-
tion of components is sufficiently robust to support the
results that we obtain.

The best-fit map shown in Fig. 7 is extended outside
the north/south hemisphere regions to account for the
limited resolution of the LAT data. We extrapolate by
adding to the AIC maps rows of pixels outside the low-
latitude boundaries. The values for the pixels are set to
the mean of the adjacent pixels from inside the bound-
aries.

In the second phase we employ the best-fit column
density map in the analysis of the LAT data to deter-
mine the distribution of the final directional emissivity
and smooth intensity. For the directional emissivity, its
spectrum is initially set for each energy bin to the mean
emissivity obtained over all the analyses performed in
the first phase with the candidate column density maps.
Similarly, the input spectrum for the smooth component
is initially set to the mean spectrum of the smooth in-
tensity obtained in the first phase. Specifying the initial
spectra of the individual components this way results in
a better handling of the instrument response calculation
when run through the GaRDiAn code, as described in
Appendix A. As before, convergence is checked by mak-
ing sure the R-statistics as calculated by Stan are equal
to 1 and manually inspecting the chains.

Figure 8 shows the results of our analysis for the di-
rectional emissivity and smooth intensity'°. The fluctu-
ations for the directional emissivity are small, the range
only being ~2 times larger than the simulation results
(Fig. 4). Most should therefore not be considered sig-
nificant. The correlation map based on Eq. 6 for these
results are shown in Fig. 9. A few regions with negative
correlations are apparent, hinting at systematic biases
caused by the gas map despite our best efforts to min-

10 The results are also provided as fits files at https://zenodo.org/

record /4756707.


https://zenodo.org/record/4756707
https://zenodo.org/record/4756707

Cosmic Ray Sources in the y-Ray Sky 13

0:0 0:2 0:4

0:6 0:8 1.0

AIC relative likelihood

Figure 6. The AIC relative likelihood of the best-fit model for all of our input gas templates. The gas templates are labeled
above each panel, with each gas tracer in a separate row and the conversion parameters in each column. The panels show the
probability that the results of each simulation analysis give the best of the 11 models for each pixel.
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Figure 7. The composite column density map resulting
from selecting the best-fit models shown in Fig. 6.

imise such cases. For example, the peak around [ ~ 140°
and b ~ —40° in the lowest energy bin corresponds to
a dip in the smooth component. It is likely an arti-
fact of mismodelled gas structure and shows up as an
anti-correlation. The enhancement close to [ ~ 45° and
b ~ —30° is, however, not associated with a strong dip in
the smooth component, and shows up as a positive cor-
relation. It is therefore less likely to be an artifact. But,
the magnitude of this excess is still consistent with being
a non-detection based on the analysis of the simulation
fluctuations (Sec. 2.4). The largest feature in the direc-
tional emissivity map is that visible between ~ 340° and
~ 40° longitudes in the NH. This excess is apparent for
the lowest energy bin, but disappears for the others. Us-
ing GALPROP simulations (described in Appendix A)
we estimate that an excess like this occurs ~1% of the
time, indicating that the statistical significance is - 3o.
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Figure 9. Correlation between the variation from the mean
of the directional emissivity and smooth intensity according
to Eq. 6 for the lowest energy bin using the results from the
second phase of the LAT analysis. The maps are in Galactic
coordinates and use the orthographic projection with the NH
on the left and the SH on the right. The graticules are spaced
30 apart in latitude and 45 in longitude.

The presence of this feature is not dependent on the ex-
act gas map used for the analysis. In other words, this
excess exists at some level for all 11 gas column den-
sity maps used in this work, but it is not sufficiently
significant to disambiguate from a fluctuation.

For the smooth intensity component, there are ex-
tended emission features toward [ ~ 0° that appear at
intermediate latitudes. The feature in the NH is clearly
offset to negative longitudes, while the one in the SH is
offset to positive longitudes. The shape of the feature in
the NH appears to be fairly independent of energy, and
is slightly dimmer than that in the SH. The latter shows
evidence of an energy dependent shape. For the lower
energy bins, the SH feature appears as two extended re-
gions with the lower latitude one being brightest. For
the higher energy bins, the brightest part is centred more
toward [ ~ 0° and higher latitudes. Because the maps
show the intensity interpolated from the GPs that are
at a coarser angular scale than the data is given, care-
ful interpretation is necessary. The peaks are associated
with the centres of the coarser pixels and consequently
their specific maxima locations have some uncertainty.
There are, however, pixels in between the peaks with
measurably lower intensities, so it is most likely that
the shape for the SH regions is energy dependent. The
spectrum in the different regions is discussed with more
detail below.

While the extended excesses toward [ ~ 0° are the
most prominent ones, there are others that are less
bright but still clearly visible. In particular, there is
strong evidence of emission from radio Loop I in the NH,
extending in an arc from [ ~ 40° up to the pole and back

down toward [ ~ 300°. To illustrate the lower surface
brightness features, Fig. 10 shows the smooth intensity
component with a reduced intensity range. Overlaid on
the maps are traces of radio loops and spurs taken from
Vidal et al. (2015), selecting only those that are visible
for the regions of sky considered by our analysis. It is
clear that there is evidence for emission from features
labeled I and IV, while others are not as apparent in the
map. This is the first time that radio Loop IV has been
detected in high-energy ~-rays. It is also clear that these
features are softer than the overall background, because
they are less prominent at higher energies. The circular
outline for radio Loop I seems to deviate from the y-ray
enhancement around [ ~ 315°, where Loop IV becomes
more prominent. Loop IV also seems to be centrally
filled, at least for the lowest two energy bins.

Other loops do not show emission over their entire
range, but there seems to be an enhancement towards
[ ~ 35° in the SH with —50° _ b . —30° at the base of
Loops IT and VIIb. The spatial extent of this feature is
smaller than that of Loops I and IV, but its magnitude
is larger than expected from the systematic uncertainty
estimated from the simulations. Its spatial location also
corresponds to a low-significance enhancement in the di-
rectional emissivity. This feature is most prominent in
the 5.5 GeV and 24 GeV energy bands with the emission
at 1.7 GeV and 240 GeV considerably dimmer, indicat-
ing that its spectrum is harder than the background up
to ~ 50-100 GeV at which point it softens. Other fea-
tures on the sky are much fainter and show up as light
blue spots in the image. These spots correspond to fluc-
tuations at a level of 20% to 30%, which are similar to
those observed for the simulations (Sec. 2.4). They are
susceptible to inaccuracies in the gas map that preclude
attributing their origin for CR flux illumination by a lo-
calised source. In particular, the faint emission at the
base of Loop II toward I ~ 160° and b ~ —35° ap-
pears anti-correlated to some degree in Fig. 9. Another
feature is visible towards [ ~ —45° in the SH close to
the boundary of the region. This feature is also anti-
correlated with the directional emissivity, and, being
constrained to the boundary, is susceptible to higher
statistical and systematic uncertainty. While there is
some anti-correlation visible also for the Loop IV re-
gion, the smooth component fluctuations in that region
are so bright that gas-map inaccuracies are an unlikely
explanation for its origin.

The spectra for the spatially averaged smooth inten-
sity and gas emissivity for 45° < [ < 270° and |b] > 30°
are shown in Fig. 11. This region was selected to ex-
clude most of the features visible in the smooth compo-
nent (Fig. 10). Also shown is the emissivity spectrum
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Figure 10.

The intensity of the smooth component evaluated at the geometric centre of each of the energy bins used in

the analysis. The range is reduced compared to Fig. 8 and saturated pixels are shown as black. The magenta curves outline

structures visible in radio synchrotron maps: the location and

labels come from Vidal et al. (2015). The dashed white lines

enclose regions that we determine the individual spectra (see Fig. 13 below). The maps are shown in orthographic projection,

with the NH to the left and SH to right, centred on the poles.
given below each panel.

derived from LAT data by Casandjian (2015), and a
prediction from GALPROP using the SA0 model from
Porter et al. (2017) that is tuned to reproduce the CR
data. The direction averaged gas emissivity obtained in
this paper is consistent with the results of Casandjian
(2015) above a few GeV. It is somewhat higher than the
gas emissivity predicted for the SAO model, but the lat-
ter does not include the contribution from CRs heavier
than Helium. This consistency with other estimates for
the emissivity spectrum indicates that our separation of
the y-ray observations into smooth and structured con-
tributions is successful.

The smooth component includes a contribution from
residual CR background misclassified as y-rays, as well
as y-ray emission from unresolved point sources and the
large-scale structure of the Universe. This background
emission is to first approximation isotropic. To estimate
its intensity we take for each energy bin the minimum
value obtained in the smooth component for both hemi-
spheres and show it as a blue dashed curve in Fig. 11.
Also shown in the figure is the sum of our estimated
isotropic component and the mean intensity of the IC

The fractional scale for the maps are identical, with the units

component of the SAO model as a solid blue curve. It
is clear that our direction averaged smooth intensity for
this region is more intense than the combination of the
SAQ IC and estimated isotropic emission. However, di-
rection averaged total y-ray intensities over comparable
sky regions for steady-state models normalised to the
CR data that have different weighting for CR sources
in the disc and spiral arms show ~5-20% variation, de-
pending on energy (e.g., Porter et al. 2017, 2019). The
SA0 model higher-latitude intensities are generally lower
than the other steady-state models. A likely explanation
that the smooth component is above the sum of the SAQ
IC and derived isotropic intensities is that the large-
scale properties for the steady-state CR source density
are insufficiently optimised to reproduce the 7-rays (see
also, e.g., Abdo et al. 2010b). Our determination of
the isotropic component is also susceptible to statistical
and systematic uncertainty. On one hand, the mini-
mum value in the map will be biased low because of
random fluctuations, underestimating the true isotropic
intensity. On the other hand, any contribution from
IC emission from the old population of CR electrons is
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Figure 11. The average intensity of the smooth component
(blue shaded regions) and the emissivity of the gas compo-
nent (brown shaded regions) evaluated separately for the NH
(darker colour) and SH (lighter colour), respectively. Also
shown is the emissivity determined by Casandjian (2015),
the GALPROP predicted emissivity and IC intensity using
the SAO model from Porter et al. (2017), and the estimated
isotropic spectrum in this analysis. The range 45 <|< 270
and jb > 30 is used for the averaging. The left axis is for the
intensities and the right axis for the emissivities. The axes
are scaled so that the mean intensity of the gas component
is approximately that shown in the left axis. Differences in
the mean gas column density in the NH/SH make accurate
scaling impossible.

ignored, thus possibly overestimating the isotropic in-
tensity. The magnitude of the two effects are similar so
they likely cancel each other.

The smooth component features shown in Fig. 10 sit
on top of the background, which is composed of the
residual CRs, unresolved extragalactic sources, and the
contribution from IC emission from the old population
of CR electrons that have been accumulated over the
lifetime of the Galaxy. To highlight the features of the
smooth component, we subtract from it our estimate
of the isotropic component™ and show the results in
Fig. 12. The IC emission from the old population of CR
electrons cannot be determined from the observations,
so any remaining contribution that is due to mismod-
elling of the IC is present in the isotropic-subtracted
maps. These are normalised such that a value of 1 cor-
responds to the mean intensity of the IC emission for the

11 The smallest value per energy bin of the smooth component.

SA0 model predictions in each energy bin. Compared to
Fig. 10, the enhanced emission tracing the loop outlines
appears to have a more consistent shape over the lower 3
energy bins, and the excess is visible even for the highest
one, albeit with a low statistical significance.

To expand on the characteristics for the bright fea-
tures in the smooth component described above, we de-
termine the spectral content for the individual features
using the white dashed outline regions shown in Fig. 10.
The resulting isotropic subtracted spectral intensities
are shown in Fig. 13. For the features associated with
the Loop I and IV overlays (top panel), the spectra
are essentially the same and very similar to that of the
isotropic component, while the feature visible at the base
of Loops II and VIIb is clearly harder. Meanwhile, the
aggregate spectra for the NH/SH blobs toward [ ~ 0°
are similar (middle panel), and generally harder than the
loop-associated features, even the harder feature at the
base of Loops II and VIIb. However, when we separate
into approximately comparable “lower/higher” latitude
sub-regions (see Fig. 10), in the bottom panel we can see
that the spectral characteristics for these blobs are dif-
ferent. Specifically, the NH blob lower/higher latitude
spectra are very close in shape. On the other hand, the
SH blob lower /higher latitude spectra are different. The
low-latitude region has a similar spectrum to that for the
NH blobs, whereas the high-latitude region is noticeably
harder than all other regions.

Note that the spectral shape within each of the coarser
energy bins displayed in Fig. 13 is determined from a
global fit over individual bins in each hemisphere. As
such it cannot accurately reproduce emission that is
softer /harder than the average within each energy bin.
This is evident for the spectra of the two blobs: they
are significantly harder than the background, resulting
in the edges of the coarse energy bins being discontinu-
ous.

4. DISCUSSION

Comparing the spatial distribution of the smooth in-
tensity component, which is most likely due to IC emis-
sion from CR electrons, with radio maps at MHz/GHz
frequencies (shown in Fig. 14) reveals both similarities
and differences. The North Polar Spur (NPS), the low
latitude part of Loop I, is clearly bright in both energy
ranges, at a similar level above the background, while
the fainter loops designated III and IIls are not visible
in y-rays. For the v-rays, there are hints of emission
from Loop II and VIIb in the SH toward [ ~ 35° that
can be seen for both the 5.5 GeV and 24 GeV bins, but
the significance is low. The radio maps show no signifi-
cant feature in that region. Meanwhile, Loops I and IV
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The intensity of the smooth component after subtracting an estimated isotropic background component, see text

for details. For a description of the curves shown, see caption of Fig. 10. As for that figure, saturated pixels are shown as black.
The fractional colour scale is adjusted so that a value of 1 corresponds to the mean of the IC emission in the SAO model over

the same region.

are very bright in y-rays and clearly visible up to the
highest energies considered in this paper. The y-ray in-
tensity of Loop IV is comparable to that of Loop I and
the NPS, and the intensity of Loop I is nearly constant
over the entire structure. Contrasting, the NPS is the
brightest feature in the radio maps with the other loop
features generally having similar intensities.

It is generally thought that these loops and spurs are
nearby and old SNRs, where the shock compressed mag-
netic field is able to contain and accelerate an electron
population that is more dense than that of its surround-
ings. According to Eq. (3.13) from Mertsch & Sarkar
(2013), the spectrum of the electrons in a shock with a
compression factor of 7 is given by

2 "5
/ ~
n'(p)=—n p 2

NG (7)

where n(p) is the spectrum in the ISM. Assuming a
power-law spectrum n(p) o< p~ , the ratio between the
two can be estimated as

: (®)

which is independent of momentum and its value is
around 6 for the canonical values of n = 6 and v = 3. As-
suming that the ISRF density does not vary much across
the shock, the intensity of the IC emission should also
be increased by the same factor in the shock. For the
lower energy radio/synchrotron radiation, the emissions
are also modified by the enhancement of the magnetic
field in the shock by a factor of 7, leading to an even
larger increase in the emission than estimated from the
increased electron density.

However, the comparison between the
dio/synchrotron and the GeV IC emissions is not direct,
because of the differing CR. electron energies producing
the emissions for the respective ranges. The energy of
electrons producing the 1 GHz synchrotron emissions is
~10 GeV for a magnetic field of a few uG. Meanwhile,
the ~10 GeV IC ~-rays are produced by &70 GeV
electrons upscattering the starlight and infrared compo-
nents of the ISRF, which are the major target photon
fields over the energy range considered in this paper.
The lack of emission from some of the loops therefore
indicates that they cannot efficiently confine the higher-
energy electrons, or that they are produced only by an

ra-
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Figure 13. Spectral intensities following isotropic subtrac-
tion (see text for details) derived for the bright smooth com-
ponent regions delineated by the white lines in Fig. 10. Pan-
els: top, loop-associated; middle, NH/SH blob total; bottom,
NH/SH blobs split into low/high-latitude sub-regions. Note
that the NH blob sub-regions are scaled down by a factor
0.5 for clarity. All panels also show the estimated isotropic
spectrum and the IC prediction from the SAO model.

increased magnetic field strength, which is not reflected
in an increased CR electron density. The results pre-
sented here therefore imply that Loops I and IV are
efficient in confining or accelerating CR electrons, with
Loop IV capable of confining/accelerating electrons up
to at least TeV energies to explain the enhancement in
the highest-energy bin. For Loop IV this is surprising,
because it does not stand out for the radio/synchrotron
emissions.

The shock compressed magnetic field is also expected
to increase the energy of the CR protons and nuclei.
The lack of a spatially coincident increase in the direc-
tional emissivity of gas indicates that structure for these
shocks is not well captured by the column density map
used for our analysis (Fig. 7). If the gas in the shocks
is mostly ionised then they would not be evident in the
emissivity because we have utilised neutral gas maps to
trace likely hadronic emissions. Tracers of ionised gas,
such as observations of H emission (Finkbeiner 2003),
however, do not show any structure that is spatially as-
sociated with the radio loops. The intensity from the
loops shown in Fig. 13 is approximately 3 times that
of the predicted SAQ IC intensity giving a compression
factor in Eq. 8 of n ~ 3. This can be employed to
place a limit on the column density of gas in the loops.
Applying the same compression factor to the emissiv-
ity spectrum from Fig. 11 at 1 GeV results in eE? ~
3 x 1072* MeV sr~t s71. The intensity of the loops at
the same energy is JE? ~ 7x 107% MeV sr~1 s71 em 2.
Requiring that the intensity of any gas component is
-30% of the intensity of the loops in the lowest energy
bin, results in a column density of gas .10%° cm=2. If
it were larger there would be signatures of the hadronic
emission in the intensity spectra for the loops.

Note, that the above discussion refers to any gas that
1s not following the neutral tracers used in this analysis.
If instead the gas in the loops is contained in the neutral
structured maps (Fig. 7), the CR proton enhancement
within the structures is actually smaller than that for
the electrons, otherwise there would be a signal in the
directional emissivity. Or, alternatively, only a fraction
of the neutral gas column density is coincident spatially
with the location of the CR injection. Then, the struc-
tured component signal could be low also because of the
sparsity of neutral target density for producing the -
rays. If that is the case, the origin of the emission is
likely well above the gas layer of the Galaxy, placing
them at & 100 pc height above the Galactic plane.

Recent results from the eROSITA X-ray telescope con-
firm the presence of significant X-ray emission in the di-
rection of radio Loop I and a counterpart in the SH at
negative longitudes (Predehl et al. 2020). Comparison
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of the X-ray emission (their Fig. 2) with the intensity of
the smooth component derived in this paper again shows
some similarities and differences, as with the radio,/low-
energy synchrotron. The Loop I structure extends to
higher latitudes and all the way to negative longitudes
in X-rays, similar to that in y-rays. The Loop IV struc-
ture visible in ~-rays is, however, absent in the X-rays.
There is a strong feature in the X-rays visible toward
[ ~ —40° that is extended in latitude down to b ~ —45°,
while the feature observed in vy-rays at the similar loca-
tion is restricted to b > —35° and extended in longitude.
The ~-ray feature is susceptible to inaccuracies in the
gas map toward those directions, though. There is no
clear feature observed in the X-ray emission in the SH
at [ ~ 35° where there is evidence of emission in v-rays.

According to Predehl et al. (2020), the X-ray emission
is interpreted to come from giant X-ray emitting spheri-
cal shells of hot and tenuous plasma. Co-location of the
~-ray emission with the X-ray emission in this model
would require particle acceleration within the plasma,
either electrons for IC emission, or hadrons. Similar in-
terpretations for the FBs have been invoked (e.g., Yang
et al. 2018, and references therein). For the FBs, the
former explanation is difficult because of fast cooling
of the electrons, while the latter requires a substantial
energy budget. Because of the larger shape of the X-
ray bubbles and their larger distance from the Galactic
plane, the difficulties are even more severe. The spectra
of the loops, shown in Fig. 11, are softer than that of the
FBs, but there is no clear evidence of a spectral cut-off
as would be expected from increased cooling. However,
due to the the range of the last energy bin in our analy-
sis (60-1000 GeV), we cannot rule out a spectral cutoff
at energies &100 GeV.

One of the arguments of Predehl et al. (2020) in favour
of the giant X-ray shells being associated with the FBs
is the apparent symmetry of the results, both in the
NH/SH and along the [ = 0° meridian. Our results do
not provide evidence in favour of this symmetry, and
in fact are somewhat in tension with this interpreta-
tion because the 7-ray features that are recovered by
our analysis are not symmetric about the Galactic plane
nor [ = 0° meridian. The correspondence between the
X-rays and v-rays in the NH argues for a common origin
of the emissions in this region of the sky, while a physical
connection with the SH is less certain. Visual compar-
ison of Fig. 2 from Predehl et al. (2020) indicates our
method should be sensitive to emission in the SH tracing
the X-ray emission. To make the SH results compatible
with those in the NH requires a ratio increase between
the X-ray and ~-ray emission by a factor of &2, but the
physical explanation for such a factor for this region if
there is a common origin is not clear. It also remains a
possibility that the «-ray and X-ray emissions from the
regions around Loop I are not at all correlated, although
it seems unlikely that two large structures overlapping
on the sky do not have a physical connection. So while
we cannot rule out that there is a common origin, we
believe our results currently argue against strong claims
that this is the case for the emissions in the two hemi-
spheres, and that they are necessarily associated with
past activity toward the Galactic centre (GC).

The spectral shape that we obtain for these features
generally agrees much better with a leptonic, rather than
hadronic, origin, at least if they are local. If they are
not local, then the spectral shape cannot say much about
the origin of the emissions because the underlying par-
ticle distribution is not well constrained by other ob-
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servations. Arguments can, however, still be made in
favour of a leptonic origin of the emission if it origi-
nates from large distances. For the spectral intensities
that we obtain, either a high target density or high CR
flux is necessary in the regions covering the features. In
the hadronic scenario, the former is ruled out by lack of
features in the neutral gas traced structure component,
and the very low density estimated from the X-ray data
(~1072 cm™3; Predehl et al. 2020). Assuming this den-
sity and an integration path length ~10 kpc, the column
density is ~3x10'° cm—2. Consequently, the mean emis-
sivity, and hence the mean CR density, needs to be more
than 15 times that of the local ISM for the lowest en-
ergy bin in our analysis, where we expect most of the
CR energy density to reside. Given that the region has
a size of 10 kpc, which is a volume of about a quarter
of the galaxy, the energy in CRs is at least a few times
larger than in the entire Galaxy. It seems difficult to
create sufficient CRs and then confine them in the sky
regions covered by the loops if their origin is far away
along the line-of-sight.

The distances to the radio loop structure, in particu-
lar the NPS and radio Loop I have been the subject of
debate in the literature since their discovery (e.g., Dick-
inson 2018; Kataoka et al. 2018). The large size of the
features, and their asymmetry around the GC, indicates
a local origin, possibly associated with a massive star-
formation event in the Sco-Cen OB association located
at a distance of ~120 pc (Vidal et al. 2015). However,
absorption measurements of the X-ray spectra and the
temperature of the X-ray emission argue for a distance
more than a few hundred pc. The lack of any signa-
ture in the directional emissivity towards the direction
of Loops I and IV in our results indicates that the emis-
sion is taking place well above the Galactic plane, above
most of the gas layer. Assuming a physical radius of
200 pc, Mertsch & Sarkar (2013) have computed dis-
tances to Loops I-IV (see their Table 2), with Loops II
and IV having distance and centres |b| > 30° indicating
their origin is likely &100 pc from the Galactic plane.
For example, the Loop IV centre is estimated ~590 pc
away, placing it at a height ~440 pc. Because the ISRF
density falls off out of the Galactic plane much slower
than that of the gas (Porter et al. 2017; Johannesson
et al. 2018), the targets for IC emission are much more
abundant at such heights. This accords with the pre-
dictions of Porter et al. (2019) who showed that such
high-latitude discrete sources should be brightest in IC
emissions.

Of the features observed in the sky, the one in the SH
at | ~ 35° is most similar to those predicted by Porter
et al. (2019). It has a spectrum that is harder than the

surrounding region, and it potentially shows evidence of
increased emission in both the gas and smooth compo-
nents, although the former is not very significant. The
lack of corresponding feature in the radio and X-rays, as
well as the spectral turnover observed in the highest en-
ergy bin, indicates that the emission might be caused by
particles diffusing away from a not so recent event that
happened well above the Galactic plane. Examining the
ATNF Pulsar Catalogue (version 1.64)'? (Manchester
et al. 2005), the pulsar B2045-16 (Turtle & Vaughan
1968) is located at a distance of ~1 kpc in that region
with a characteristic age of ~3 x 10® yrs. This corre-
sponds to a cooling timescale for the electrons with ener-
gies ~300 GeV assuming an energy density of 1 eV cm™3
for the photon and magnetic field, in agreement with the
observed spectral properties.

The bright NH/SH blobs toward [ ~ 0° are approxi-
mately coincident with high-latitude regions covered by
the FBs. The spectral evolution across the features that
we obtain is consistent with prior analyses, where the
southern spectra harden with increasing latitude (e.g.,
Yang et al. 2014). This is contrary to initial findings
that suggest invariant spectral characteristics for the
FBs (e.g., Su et al. 2010; Hooper & Slatyer 2013). The
spectral intensities that we obtain (Fig. 13) are gen-
erally higher for both NH and SH regions than ob-
tained by prior works. However, the earlier analyses
employed GALPROP-generated gas-related (7%-decay
and bremsstrahlung) and IC templates for a variety of
2D CR propagation models. Their results are there-
fore reporting the bubble spectral characteristics that
are residuals after subtracting the emissions from these
Galaxy-wide emissions. For our work, we have employed
an optimised structured (gas) component and imposed
only a spatial connectedness requirement (via the GPs)
for the smooth component. The spectral intensity that
we obtain, after determining the minimal isotropic con-
tribution, likely still contains a pedestal of IC emission
due to the ‘sea’ CR electrons that is combined with lo-
calised enhancements in these regions. However, its de-
termination is model-dependent, as described earlier.

Even with this pedestal, the spatial distributions for
the NH/SH blobs are clearly asymmetric and localised.
The spatial distributions |b] > 30° that we recover dif-
fer in detail from other analyses (e.g., Ackermann et al.
2014; Yang et al. 2014; Selig et al. 2015). But, the
general shapes, including asymmetries, are similar with
those obtained by the prior works: the northern feature
has orientation tilted to negative longitudes while the

12 https:/ /www.atnf.csiro.au/research /pulsar /psrcat /
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southern one is to positive longitudes (see, e.g., Fig. 23
of Ackermann et al. 2014). The overlap with the Loops I
and IV for the NH blobs precludes clean separation, and
it is difficult to identify boundaries between the individ-
ual features. The emissions from these two features have
often been neglected, or approximated using templates
based on simple geometrical models (e.g., Su et al. 2010)
or the 408 MHz radio map (e.g., Ackermann et al. 2014).
In particular, the emission from Loop IV as a distinct
feature has not been included explicitly in prior analyses,
which could affect the determination of the morphology
of the FB in the NH for energies .100 GeV. For the
SH, the emission surrounding the saturated part of the
intensity scale (Fig. 12) has variable spatial morphology
that is energy dependent. From the edge of the satu-
rated region to where the emission is comparable to the
SAO intensity, the falloff on average is approximately
linear over ~10°. This range corresponds to the spatial
resolution of the underlying GP, which also has a cor-
relation length of that order. We are therefore not able
to make a definite conclusion whether the NH/SH blobs
have abrupt boundaries, as claimed by prior analyses of
the FBs (e.g., Su et al. 2010).

5. SUMMARY

In this work we used GPs to model the spatial distri-
bution of the directional gas emissivity and the intensity
of a smooth component of the high-latitude (|b] > 30°)
v-ray sky between 1 GeV and 1 TeV. The GPs impose
a minimal spatial connectedness requirement, but oth-
erwise allow for substantial flexibility to trace spatial
structures in the y-ray data. We thoroughly tested the
methodology with simulations. Systematic uncertainties
caused by inaccuracies in the distribution of interstellar
gas, which can be problematic when analysing large re-
gions of the ~-ray sky, are controlled by developing a
dedicated column density map based on linear interpo-
lation of various gas tracers. Using this optimised gas
map, the fractional systematic uncertainty due to the
imperfectly known gas column density distribution on
the sky is -+20%. The results that we obtain for the
directional emissivity are consistent with being constant
within our estimated statistical and systematic uncer-
tainty, apart from a region toward [ ~ 20° and b ~ 35°
(the approximate centre of the broad region shown in
upper left panel of Fig. 8), where an excess is found
with a - 3o significance.

The brightest structures that we detected with the
smooth intensity component are hard emission features
located towards the GC that are offset to negative lon-
gitudes in the NH, and positive longitudes in the SH.
These features are spatially consistent with the higher

latitude emissions attributed to the FBs, and our re-
sults are qualitatively consistent with other work. The
emissions that we obtain are spectrally harder than the
surrounding background, with the average spectral fea-
tures in the NH and SH similar. The feature in the SH
shows evidence of spectral evolution, with the emission
at b ~ 35° being softer than the emission at b ~ 45°.
No such evolution is evident for the feature in the NH.

We also detect significant emission from the radio
Loops I and IV. The intensities of these individual loops
in v-rays are comparable, and they extend to &100 GeV
energies. Such detection contrasts with the situation in
X-rays and radio, where Loop IV is much dimmer than
Loop I. The hard spectrum of the -ray emission sug-
gests a leptonic origin, and indicates these structures
are located at a distance of &500 pc, given their non-
detection in the directional emissivity. We also detect a
marginally significant signal from the bases of Loops II
and VIIb towards [ ~ 35°. This enhancement is of sim-
ilar magnitude as that of Loops I and IV, but its spec-
trum is significantly harder. There is also a faint signal
detected toward this direction in the directional emissiv-
ity, but it is consistent with expected fluctuations from
inaccuracies in the gas map. Nevertheless, this emission
could come from a recent and local CR injection event.

Our results support our earlier predictions that the
high-latitude ~-ray sky encodes recent CR source injec-
tion and propagation history. While our analysis is not
able to provide definitive spatial localisation for the fea-
tures that we detect, there is a good chance that they
are relatively nearby (i.e., not emanating from the GC)
given the asymmetric spatial distributions and spectral
characteristics. If so, there is a possibility that they may
produce spectral features in the local CR data. Mod-
elling of such is beyond the scope of the present inves-
tigation, but our work provides evidence for the possi-
ble connection between the high-latitude ~-rays and the
high-energy CR data.
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Figure 15. The intensity spectrum of the gas and smooth component and 68% confidence regions after analysing the 2000
simulations that are based on a GALPROP run. The brownish and blueish shaded areas show the spectrum of the gas and
smooth components, respectively. The lighter shades represent the results without any iterations, while the darker shades
represent the results after a single iteration of the analysis. The solid curves show the model input spectra. Left/right panel:
NH/SH model and analysis results, respectively.

APPENDIX

A. SIMULATIONS

The first simulation is based on a GALPROP calculation, the steady-state, azimuthally-symmetric CR source
model designated SA0 and described by Porter et al. (2017). This model provides a realistic spectral shape for the gas
emissivity and smooth intensity because it is optimised to reproduce the CR data. This simulation and analysis tests
if the assumption of a power-law spectrum within each of the four spectral bins is good enough to capture the expected
spectral shape, and if our assumptions of fitting in counts space have a strong effect on our results. Figure 15 shows
the resulting spectrum of the two components from our analysis, averaged over the 2000 simulations. Also shown is
the standard deviation of the spectrum, which indicates the possible statistical accuracy of the spectrum. To test
the effect of fitting in counts space, a single iteration of the analysis is performed by adjusting the spectral shape of
the templates used to match the average of the simulations. The figure illustrates that the changes due to the more
accurate convolution with the IRFs per-likelihood evaluation are much smaller than the statistical uncertainties, and
such iterations are not needed.

Figure 15 also shows that the analysis recovers the input spectrum reasonably well in the first two energy bins, even
though there is a significant curvature in the gas spectrum in the first energy bin. In the higher two bins, the gas
component is under predicted at the level of one to two standard deviation while that of the smooth component is
slightly over-predicted. The corresponding average spatial distributions for each of the four energy bins of the analysis
are shown in Fig. 16. For comparison, the input maps are shown in Fig. 17 with the same colour scale. While the
separation of the gas and smooth components is very good in the lowest two energy bins, it is not as successful for the
highest energy bin. The analysis is not able to properly separate out the gas and smooth components in that bin and
some of the gas intensity is captured by the smooth component. The clearest examples of this is the enhancement in
the NH towards the inner Galaxy, and in the SH towards the outer Galaxy. It is clear that due to lack of statistics,
the separation of the gas component is inaccurate in the highest energy bin. The iteration of the input spectrum does
not have a significant effect on the spatial results.

The above results of the GALPROP modelling/simulations and analysis have all been performed with the same gas
map, which is based on the HI4PI data. To test the effect of using an incorrect map, the GALPROP results were also
analysed using the 7353 map with o« = 1.0. This has a significant effect on the ability of the analysis to separate out the
gas and smooth components, as is evident from the mean intensity of the smooth component and mean emissivity of
the gas component shown in Fig. 18. This separation also significantly affects the resulting spectral intensity, as shown
in Fig. 19. The analysis results for the gas emissivity and the smooth components intensity are clearly anti-correlated,
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Figure 16.

1:3

1.4

1:2 1:4 1.6 1.8

The mean emissivity of the gas (left) and mean intensity of the smooth component (right) for the model results

found by analysing the 2000 GALPROP simulations. The maps are estimated at the geometric mean of each of the four energy
bins, from top to bottom: 1.7 GeV, 5.5 GeV, 24 GeV, and 240 GeV. The maps are in Galactic coordinates using an orthographic
projection with the NH on left and the SH on right. The colour scale is fractionally identical for each column as indicated at
the bottom, with the unit scaling given below each map. The scale is the same as that used in the GALPROP input truth

shown in Fig. 17.
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Figure 17.
input to the simulations. The maps are estimated at the geometric mean of each of the four energy bins, from top to bottom:
1.7 GeV, 5.5 GeV, 24 GeV, and 240 GeV. The maps are in Galactic coordinate using an orthographic projection with the NH

on left and the SH on right. The colour scale is fractionally identical for each column as indicated at the bottom, with the unit

scaling given below each map.

The colour scale is the same as that used in the model estimates shown in Fig. 16.
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Figure 18. The mean emissivity of the gas (left) and mean intensity of the smooth component (right) for the model results

found by analysing the 2000 GALPROP simulations using the 353 template for the gas. The maps are estimated at the
geometric mean of each of the four energy bins, from top to bottom: 1.7 GeV, 5.5 GeV, 24 GeV, and 240 GeV. The maps

are in Galactic coordinates using an orthographic projection with the NH on left and the SH on right. The colour scale is
fractionally identical for each column as indicated at the bottom, with the unit scale given below each map. The colour scale

differs significantly from that used in the GALPROP input truth shown in Fig. 17.
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Figure 19. The intensity spectra and 68% confidence regions of the gas and smooth component after analysing the 2000
simulations that are based on a GALPROP run using the 353 map as a gas template. The green and blue shaded areas show
the spectrum of the gas and smooth components, respectively. The solid curves show the input truth. Left panel shows the
mean intensity spectrum from the analysis of the NH while the lower panel shows the results using the SH.

where one goes up, the other goes down. This effect significantly exceeds the statistical power of the method and its
impact is addressed in Sec. 2.4.

To test possible effects that unresolved sources can have on the analysis, simulations are performed utilising the
4FGL-DR2 catalog on top of the three enhanced emission regions described in Section 2.3. These simulations were
then analysed with two different models, one including the full 4FGL-DR2 catalogue to make sure the additional
photons would not affect the results and another using only those sources in the 4FGL-DR2 catalogue that are also
in the 4FGL catalogue to test the effect of unresolved faint sources. When using the 4FGL-DR2 catalogue sources
as a fixed template, the results are unchanged compared to the results on simulations that did not include any point
sources. For the analysis using only those from the 4FGL catalogue in the fixed source template, the results are shown
in Fig. 20. Most of the sources in the 4FGL-DR2 that are not in 4FGL, are faint and do not significantly affect the
results, apart from two sources that seem to have been in an enhanced emission state in the time-gap between 4FGL
and 4FGL-DR2. One is in the SH towards (I,b) ~ (45°,—60°) and has a significant effect on the determination of gas
emissivity and the smooth component. The other is in the NH towards (I,b) ~ (0°,35°) and is visible at a few tens
of percent level. In real data, it is unlikely that such bright sources would not be included in the catalogue, and it is
thus safe to conclude that faint unresolved sources should not appear as structured emission in the analysis.

B. TABULATED DATA

Here we provide tabulated data for the spectral quantities plotted in the main text. Table 3 provides the data for
Fig. 11 and Tables 4 and 5 provide the data for Fig. 13. The mean emissivity and IC intensity spectrum of the SAQ
model is provided in Table 6.
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Figure 20. The results from analysis of 2000 simulations based on a model using the 4FGL-DR2 catalogue but analysed
using only those sources that are also in the 4FGL. Left column shows emissivity and right column the intensity of the smooth
component. The colour scale is identical to that used in Fig. 1 for easy comparison.
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Table 3. Data used in Fig. 11, the average gas emissivity and smooth intensity for 45 <1< 270 . The uncertainty provided is
the mean of the standard deviation of the per-pixel value for the respective quantities over the region. Also listed is the intensity
of the estimated isotropic component. Its uncertainty is not estimated.

Gas emissivityb Smooth Intensity®©

EC North South North South isotropic®
1.01 | 144 1.1 | 1457 0.96 | 10.50 0.50 | 9.76  0.58 7.32
1.32 | 13.2 1.0 | 1288 0.85| 943 045 | 9.00 0.53 6.75
1.73 | 120 0.9 |11.38 0.75| 849 040 | 831 0.49 6.23
2.27 | 11.0 0.9 | 10.06 0.66 | 7.63 0.36 |7.66 0.45 5.75
297 10.1 0.8 | 889 0.59 | 6.86 0.33 | 7.07 0.42 5.30
3.04 |88 061|895 054 | 723 043 |6.74 0.51 4.74
4.08 | 716 049 | 7.09 043 | 656 0.38 | 6.24 047 4.39
548 | 5,80 040 | 5.62 0.34 | 595 0.35 | 578 0.44 4.06
7.36 | 470 033 | 445 0.28 | 540 0.32 | 535 0.40 3.76
9.88 1381 029 3.53 023 | 490 0.29 |495 0.38 3.48
10.2 | 3.79 039 | 359 0.27 | 5.00 043 | 4.73 0.52 3.21
15.8 | 2.61 0.25| 247 0.18 | 406 0.35 | 3.93 0.43 2.67
245118 0.18 | 1.71 0.14 | 3.30 0.28 | 3.26 0.36 2.22
380|124 0.15] 1.18 0.11 | 268 0.23 | 271 0.30 1.84
589 10.86 0.12 | 0.81 0.09 | 2.18 0.19 | 225 0.25 1.53
61.7 121 034] 088 021 | 1.86 0.37 | 1.87 0.45 1.33
123 | 0.69 0.18 | 0.52 0.12 | 1.17 0.23 | 1.21 0.29 0.858
245 | 039 0.10 | 0.31 0.07 | 0.74 0.14 | 0.78 0.19 0.555
488 | 0.23 0.06 | 0.19 0.05 | 0.47 0.09 | 0.51 0.12 0.360
972 | 0.13 0.04 | 0.11 0.03 | 0.30 0.06 | 0.33 0.08 0.233

1y units of GeV
bEQinunitsoflo 25 MeVsr st

CIE2 in units of 10 * MeV sr 's ' em 2
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Table 4. Data used in the top two panels of Fig. 13, the mean of the isotropic subtracted smooth component over the white
regions shown in Fig. 10. The uncertainty provided is the mean of the standard deviation of the per-pixel smooth intensity over
the region.

E% | Loop1? | LoopTv? | SHI 357 | North Blob? | South Blob?
101 | 869 0.72| 862 077 | 477 0.70 | 11.30 1.06 | 10.91  0.68
132 | 764 0.64 | 7.57 069 | 440 0.65| 9.99 096 | 10.06 0.63
173 | 671 0.58 | 6.65 0.62 | 406 060 | 882 086 | 929 0.58
227 | 580 052 |58 056|374 055| 7.79 0.78 | 857 057
2.97 | 516 047 | 511 050|345 051 | 687 0.71 | 7.91 050
304|655 063|602 064|431 063]11.98 095| 935 0.70
408 | 5.85 057 | 537 057 |3.99 058 |10.78 0.86 | 8.66 0.63
548 | 522 051|479 052|369 053] 970 078 | 802 059
7.36 | 4.66 047 | 427 047 | 342 049 | 872 071 | 743 054
90.8% | 4.16 043 |3.80 043|317 046 | 7.84 066 | 6.88 051
102|391 060|349 059|333 065 922 099 | 846 0.86
158 | 312 048 | 278 047 | 277 054 | 744 079 | 7.02 071
245 | 249 039|221 038%]230 045| 6.00 065 | 58 0.59
380|198 032|176 031|191 037 | 48 053 | 484 050
58.9 | 1.58 027 | 140 026|158 031 3.90 044 | 4.02 042
61.7| 1.03 047 |1.05 049|121 056 | 3.91 096 | 3.99 0.96
123 [ 0.63 029|064 030|078 036 244 059 | 258 0.61
245 | 038 018|039 019|051 023| 1.52 037 | 1.67 0.40
488 | 023 012024 012|033 016 095 024 | 1.08 027
972 | 014 008 |0.14 008|021 010 060 0.16 | 0.70 0.19

1y units of GeV

bJE2inunitsof10 “MeVsr 's 'em 2
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Data used in the bottom panel of Fig. 13, the mean of the isotropic subtracted smooth component over the white
regions shown in Fig. 10. The uncertainty provided is the mean of the standard deviation of the per-pixel smooth intensity over

North Blob? South Blob?

E® | High Lat Low Lat High Lat Low Lat

1.01 [ 12.32 0.97 | 13.05 1.25|11.30 0.58 | 15.85 0.80
1.32 [ 10.91 0.88 | 11.56 1.13 | 10.43 0.53 | 14.63 0.74
1.73 | 965 0.79 | 1024 1.01 | 9.62 0.49 | 13.50 0.68
227 | 853 0.72 | 9.06 0.92 | 888 0.45 | 12.46 0.63
297 | 753 065 | 801 0.83 | 819 0.43 |11.49 0.59
3.04 (1280 0.85|14.24 1.07 | 10.92 0.66 | 13.18 0.84
4.08 | 11.52  0.76 | 12.83  0.96 | 10.11  0.60 | 12.20  0.76
5.48 | 10.36 0.69 | 11.55 0.87 | 9.36 0.55 | 11.30  0.70
7.36 | 9.32 0.63 | 10.40 0.80 | 8.67 0.52 | 10.46 0.65
9.88 | 839 0.58 | 9.37 0.74 | 8.03 0.49 | 9.69 0.61
102 | 995 094 |11.36 1.15|10.33 0.89 | 11.56 1.05
15.8 | 803 0.76 | 9.18 0.92 | 858 0.73 | 9.60 0.86
245 | 647 062 | 741 075 | 712 0.61 | 7.97 0.72
38.0| 522 051 | 598 0.62 | 591 0.52 | 6.62 0.60
58.9 | 421 043 | 4.83 052 | 491 044 | 549 0.51
61.7 | 417 094 | 555 1.28 | 5.72 1.18 | 469 1.09
123 | 260 057 | 3.47 0.78 | 3.69 0.75 | 3.03 0.69
245 | 1.63 0.37 | 2.18 049 | 239 050 | 1.96 0.45
488 | 1.02 0.24 | 1.37 032 | 155 034 | 1.27 0.31
972 | 0.64 0.16 | 0.86 0.22 | 1.00 024 | 0.82 0.21

A1y units of GeV
bJE2 in units of 10 * MeV sr 's ' cm 2
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Table 6. IC intensity and gas emissivity of the SAO model averaged over jbj > 30 .

E® | SAO emissivity? | SAO IC intensity®
1.00 145 2.72
1.26 13.2 2.49
1.58 11.8 2.27
2.00 10.2 2.06
2.51 8.71 1.86
3.16 7.38 1.69
3.98 6.11 1.53
5.01 5.05 1.37
6.31 412 1.24
7.94 3.36 1.12
10.0 2.77 1.00
12.6 2.28 0.903
15.8 1.88 0.813
20.0 1.56 0.731
25.1 1.30 0.661
31.6 1.08 0.597
39.8 0.907 0.540
50.1 0.760 0.490
63.1 0.637 0.444
79.4 0.534 0.402
100 0.448 0.364
126 0.376 0.329
158 0.316 0.297
200 0.266 0.268
251 0.224 0.243
316 0.189 0.219
308 0.160 0.199
501 0.136 0.180
631 0.115 0.164
794 0.0982 0.147
1000 0.0836 0.135

ATy units of GeV
bEQinunitsoflO 2 MeVsr ts !t

CIE? in units of 10 * MeV sr 's ' em 2
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