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Cosmic-ray (CR) sources temporarily enhance the relativistic particle density in their vicinity
over the background distribution accumulated by the 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. The observation of large scale loop like structures in the radio sky is possible evidence
of such nearby CR sources. If so, these loops should also be most visible in the high-latitude
gamma-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
deg. 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 gamma-ray emitter and we also
find significant emission from Loop I. Strong evidence is found for asymmetric features toward
the Galactic centre that may be associated with parts of the so-called “Fermi Bubbles”, and some
evidence is also found for gamma-ray emission from other radio loops. Implications for the CRs

producing the features and possible locations of the sources of the emissions are discussed.
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1. Introduction

The nature of cosmic-ray (CR) sources remains elusive despite over 100 years of observations.
The body of evidence suggests that supernova remnants (SNRs) are the main source class [5] and
in general, hypothesised sources of CRs have in common that they are usually discrete in both time
and space. Following acceleration at the sources, the CRs propagate through the Galaxy, scattering
off magnetic fields and thus removing all information about their origin from direct observations
of CRs [11]. The y-rays produced during their propagation, however, travel mostly unimpeded and
provide location information that can be used to determine the distribution of CRs throughout the
Galaxy [1, 3].

A study of the effect of spatio-/temporal discrete CR sources on predictions for y-ray diffuse
emission showed that for nearby discrete CR sources, excess emission over smooth CR source
models is expected, which should be most evident for latitudes outside the Galactic plane [17].
Under the assumption that the source accelerates both nuclei and electrons, the excess is more
prominent in the inverse Compton (IC) emission than the gas-related emission. For both processes,
the enhanced emission is expected to be spectrally harder than the background, and would present
as broadly distributed on the sky, likely with low surface brightness.

To extract this faint signal from 10 years of observations by the Large Area Telescope (LAT)
of the high-latitude sky, we use Gaussian Processes (GPs) [10] to model the sky distribution of
the structured gas and smooth IC components illuminated by the CRs. GPs utilise the high degree
of dependence between neighbouring regions in the y-ray sky that are expected to be spatially
correlated because of the CR diffusion. Therefore, they are an appropriate tool for our analysis.
This proceedings only lists a short summary of our model and results, the full details have already
been published in [13]. A large fraction of the text in this proceedings is similar to that of the full
article.

2. Data and Model

We use ~10 years of the most up-to-date data release of PSR3 photon events [7, 9], identical
to that used in the second data release (DR2) [8] of the Fermi-LAT fourth source catalog (4FGL)
[2]. The ULTRACLEANVETO photon event type and the associated P8R3_ULTRACLEANVETO_V2
instrument response is used to reduce background emission as much as possible. The data are
binned into a HEALPix! grid with Ng;4. of 256 (order 8), having a spatial resolution of ~0.25°.
We analyse the data 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 logarithmic sub-bins. To avoid
complications arising from modelling the Galactic plane, the analysis is restricted to latitudes
|b| > 30°.

The model is based on the simple assumption that the y-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 component originating in interactions between
CRs and the interstellar gas, and (iii) a smooth component comprising emissions by interactions
between CRs and the ISRF, as well as from unresolved sources and irreducible background in the

Thttps://healpix.jpl.nasa.gov/
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Table 1: Parameters used for the determination of the different gas templates based on dust based observa-
tions.

Dustmap | « X5 d(t)’
TSss 1.0 | 1.14x 10% | =2.6x 1077
Tau’ 1.2 1.64%x10% | 1.6x1077

1.4 | 417x10%* | 4.6x1077
Radianced | 1.0 | 4.8x10%7 | 44x 107!

Radf 1.2 29%x10% | 4.6x107°
1.4 | 48%x10% | 1.3x10°8

A® 1.0 | 8.6x10% -0.095

Avf 1.2 9.5%x10% -0.011
1.4 | 1.1x10"Y 0.062

3In appropriate units so the output column density is cm™2.

PIn units of the dust map, see below.
€COM_CompMap_Dust-GNILC-Model-Opacity_2048_R2.01 fits, no units.
dCOM_CompMap_Dust—GNILC—Radiance_2048_R2.00.ﬁts, in units of W m=2 sr~ 1,
°COM_CompMap_Dust-DL07-AvMaps_2048_R2.00.fits, in units of magnitudes.
fldentifier for the different maps

data. For the first component, the source properties are kept fixed to that listed in the 4FGL-DR2.
We model the gas column density distribution using four different tracers: the HI4PI 21-cm H 1 line
emission [12], the dust optical depth at 353 GHz (7353), dust radiance [14], and optical extinction
A, [15]. For each of the four gas tracers, template maps are generated under different assumptions
for converting the respective data to gas column densities. The H1 data are converted to column
densities under the assumption of a uniform spin temperature of 7s = 100 K and 75 = 50 K [see,
e.g., 4, for more details], respectively. For the dust emission, D, the gas column density, G, is
calculated using

G = Xy (D - do)"® (1)

where X is the dust-to-gas ratio, dy is a global offset, and @ accounts for possible non-linearity in
the conversion from gas to dust. For this analysis, the value of « is chosen to be one of 1.0, 1.2, and
1.4 and the values of X; and dy are determined using a maximum likelihood fit of Eq. 1, assuming
G is given by the optically thin H1data for [b| > 30°. The resulting parameters are given in Table 1.

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. The spatial binning of the sky for the GPs are based on the HEALPix pixelisation, using an
Nsiqe parameter of 4 and 8 for the directional gas emissivity and intensity of the smooth component,
respectively. The resolution, and hence the characteristic size of the GPs, is deliberately kept larger
than the size of the LAT point-spread-function (PSF). To avoid sharp edges at the pixel boundaries,
the emissivity and intensity values are interpolated to a HEALPix grid with the same resolution
as the data (Ng;g. = 256) using the HEALPix interpolation facility. The analysis is Bayesian in
nature and parameter sampling and optimisation is performed using the Stan platform for statistical
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modelling?. The analysis is performed independently in the northern and southern hemispheres
(NH and SH, respectively) for each coarse energy bin. To allow for spectral freedom within each
coarse bin, the spectrum for the emissivity and smooth component is modeled as a power-law, where
a single index is applied for each component per analysis.

Using results from simulations (not shown here) we found that imperfections in the gas maps
are the largest contributors to the uncertainty of the analysis, contributing up to and above 50%
in the worst cases. The individual gas templates listed above are not expected to give a perfect
representation of the structured 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 emission
for small regions of the sky [e.g., 1, 3]. Itis also known that the likelihood is a good indicator of the
best-fit gas maps. Therefore, for the final LAT data analysis we will use a composite gas column
density map created by segmenting the sky into a HEALPix grid with Ngjqe of 8 and selecting in
each pixel the gas template whose model is best according to the Akaike information criterion [6]
for that region after analysing the LAT data independently with each gas map from Table 1. To
avoid sharp boundaries, this coarse grid 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 the coarser pixels. This was shown to reduce the uncertainty caused by the gas map to
~ 20%, which is still the dominant source of systematic uncertainty and larger than the statistical
uncertainty which is ~ 10%.

3. Results

Figure 1 shows the results of our analysis for the directional emissivity and smooth intensity.
The results for the directional emissivity are statistically consistent with being constant, apart from
an elongated feature visible between ~ 340° and ~ 40° longitude and ~ 30° and ~ 45° latitude. This
feature is brighter than the background by ~ 40% and therefore larger than the estimated systematical
error. Its statistical significance is estimated at < 30, and as such can only be considered a hint of
a deviation from uniformity rather than a detection.

For the smooth intensity component, the most obvious features consist of extended emission
toward /[ ~ 0° that appear at intermediate latitudes in both hemispheres with a spectrum that
is considerably harder than the background. 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 regions with the lower latitude one being brightest. For the higher energy bins, the
brightest part is centred more toward / ~ 0° and higher latitudes.

To illustrate the lower surface brightness features, Figure 2 shows the smooth intensity compo-
nent with a reduced intensity range. Overlaid on the maps are traces of radio loops and spurs taken
from [18], 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

2https://mc-stan.org/
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Figure 1: The directional gas emissivity (left column) and smooth component intensity (right column)
resulting from analysis of LAT data using the final gas map. The maps are in orthographic projection with
NH to the left and SH to the right. The directional emissivity and intensity are both evaluated at the geometric
mean energy of each of the bins, from top to bottom: 1.7 GeV, 5.5 GeV, 24 GeV, and 240 GeV. The fractional
colour scale is shown at the bottom of each column and the units of the maps are written below each panel.
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Figure 2: The smooth intensity component evaluated at the geometric centre of each of the energy bins used
in the analysis. The range is reduced compared to Figure 1 and saturated pixels are shown as black. The
magenta curves outline structures visible in radio synchrotron maps: the location and labels come from [18].
The dashed white lines enclose regions that we determine the individual spectra (see Figure 3 below). The
maps are shown in orthographic projection, with the NH to the left and SH to right, centred on the poles.
The fractional scale for the maps are identical, with the units given below each panel.

y-rays. It is also clear that these features are softer than the overall background, because they are
not visible 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. There also seems to be an enhancement
towards / ~ 35° in the SH with —30° < b < 50° at the base of Loops II 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 making it likely a real feature.

To expand on the characteristics for the bright features in the smooth component described
above, we determine the spectral content for the individual features using the white dashed outline
regions shown in Figure 2. The resulting isotropic® subtracted spectral intensities are shown in
Figure 3. For the features associated with the Loop I and IV overlays (top left 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 (top right 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 Figure 2), in the bottom panel

3Estimated as the lowest intensity of the smooth component in each energy bin
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Figure 3: Spectral intensities derived for the bright smooth component regions delineated by the white lines
in Figure 2. Panels: top left, loop-associated; top right, 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“.

we can see that the spectral characteristics for these blobs are different. 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.

4. Discussion

The brightest structures that we detected with the smooth intensity component are hard emission
features located towards the GC that are offset to negative longitudes 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 results are qualitatively consistent with other work. The emissions
that we obtain are spectrally harder than the surrounding background, with the average spectral
features in the NH and SH similar. The feature in the SH shows evidence of spectral evolution, with

4A specific GALPROP model tuned to local observations of CRs [16]
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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 y-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 y-ray emission suggests a leptonic origin and, given their nondetection in the
directional emissivity, indicates that these structures are located beyond most of the neutral gas at
distances of > 200 pc. We also detect a marginally significant signal from the bases of Loops II
and VIIb towards / ~ 35°. This enhancement is of similar magnitude as that of Loops I and 1V,
but its spectrum is significantly harder. There is also a faint signal detected toward this direction
in the directional emissivity, but it is consistent with expected fluctuations from inaccuracies in the
gas map. Nevertheless, this emission could come from a recent and fairly local CR injection event.
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