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Motivation and Main Objective

regions on the sky that are biased differently north/south
depending on the CR injection and propagation history about
the Galactic plane.

An explanation for the Fermi-LAT north/south asymmetry in
terms of discretized CR injection activity/IC emission is an
intriguing possibility, which would have additional implications for
determination of the so-called “isotropic” γ-ray background. These
background emissions are comprised of extragalactic emissions
that are too faint or diffuse to be resolved, as well as residual
Galactic foreground emissions that are approximately isotropic.
Analyses of Fermi-LAT data (Abdo et al. 2010a; Ackermann et al.
2015) have employed steady-state GALPROP-based foreground

models that are symmetric about the Galactic plane (with the
exception of the gas column density distribution) to determine the
isotropic background. The IC intensities at mid-to-high latitudes
from these models are a major cause of systematic uncertainty for
the Galactic foreground estimation. Correspondingly, modeling
and analysis that does not account for possible discretization
effects may also induce biases in the derived isotropic background
properties.
Figure 6 shows the all-sky intensities and fractional residuals

for the TDD solution with SSSA50 baseline, corresponding to
the sample of CR intensities shown by Figure 3 (599.5 Myr)
and the second-to-last time axis tick mark of the γ-ray intensity

Figure 6. High-energy γ-ray emissions and fractional residuals for the TDD solution at selected energies. The first row shows the total all-sky intensities for the TDD
solution at 599.5 Myr, corresponding to the CR intensity sample shown in Figure 3. The second row shows fractional residuals at the same energies for total γ-ray
intensities for the TDD solution using the SSSA50 total γ-ray emissions as the baseline. The third and fourth rows show the corresponding fractional residuals for total
gas-related (π0-decay and bremsstrahlung) and IC emissions using the respective SSSA50 predictions (gas-related, IC). The longitude meridians and latitude parallels
have 45° spacing.
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CR sources are likely spatially and temporally
discrete.

Results in localised enhancements in CR flux over a
“steady state” background.

Most prominent for local sources at high-latitude.
The radio loops are a possible low-energy signature.
Can we find similar structures in the γ-ray
high-latitude sky in LAT data?

660 M. Vidal et al.

Figure 2. Top: WMAP K-band polarization intensity map. Middle: unsharp
mask version of the Haslam et al. (1982) map. The angular resolution of
the unfiltered maps is 1◦ and the filter beam has a size of 10◦ FWHM. The
location and sizes of the 13 loops and arcs are listed in Table 1. Bottom:
template showing the filaments visible on the top panel. They are defined
following maximum brightness points along each filament.

due to Faraday depolarization. Because of this, they only use data
at b < −35◦ to define the location and size if this new loop. Here
we include data closer to the Galactic plane that belongs to the arc
in order to define its geometry. This filament is brighter closer to
the Galactic plane and is listed as VIIb.

3.1 Polarization angle along filaments

The direction of the ordered component of the magnetic field can
give us information about the origin of the observed filaments. The
magnetic fields of old SN (e.g. the DA 530 supernova; Landecker
et al. 1999) are tangential to the surface of the shell. This is tra-
ditionally explained by the compression of the field in radiative
shocks with large radius (see e.g. the review by Reynolds, Gaensler
& Bocchino 2012).

Looking at the debiased WMAP K-band polarization map from
Fig. 1, we see that most of the emission at high latitudes comes
from individual filamentary structures. We also can see that the
magnetic field direction vectors are roughly parallel to the direction
of the filaments. We will quantify this observation by comparing
the polarization angle χ with the direction of the filament.

In the top panel of Fig. 2, there are some features that are not
well fitted by a circular arc. We include some of these non-circular
features in this analysis, and also ignore some of the loops and arcs
that are listed in Table 1 due to their low surface brightness. The
filaments that we use in this analysis are shown in Fig. 2.

In order to define the direction α of the filaments that we want
to compare with the polarization angle χ , we connected pairwise
the points of maximum brightness across each filament shown in
the top panel of Fig. 2 using great circle arcs. This created a map
with a smooth line that follows the direction of each filament. Then,
this maximum brightness template for each filament was convolved
with a Gaussian beam of a width similar to the apparent width of
the filament, typically 2◦–4◦. In the bottom panel of Fig. 2 we can
see the resulting templates for all the filaments that we study here.

The direction at each point of the filament, α, can be calculated
using the spatial gradient of the previously described template map
for the filaments, T. The gradient of this map points to a direction
that is perpendicular to the extension of the filament, so that we will
have

α = arctan
(

∂T /∂θ

∂T /∂φ/ sin θ

)
, (5)

where θ and φ are the spherical coordinates. The sin (θ ) factor
appears because of the use of spherical coordinates.

α defines the direction of steepest gradient moving away from
the filament axis, so α ± 90 defines the orientation of the filament
axis, defined in the same sense as the position angle of polarization.

We measured the difference between the observed polarization
angle χ = 0.5 arctan(U/Q) and the direction angle α. We did this
in adjacent circular apertures along each filament, with a diam-
eter between 3◦ and 5◦ depending on the size of the filament.
Figs 3–5 show maps of each filament with the circular apertures
where we calculate the angle difference. A thick black line in the
maps indicates the direction of the filament defined from the tem-
plate map and the gradient method described. Also are plotted, for
each filament, the difference between the observed polarization an-
gle and the angle of the filament. The error bars incorporate both the
random fluctuations given by the dispersion of the measured angles
in each aperture and an additional 5◦ systematic uncertainty added
to account for small errors in the definition of the spatial direction
of each filament.

For the NPS (Filament I in our numbering), we also compared the
polarization angle χ with the direction angle defined by the geome-
try of the loop in total intensity, i.e. the circular fit that traditionally
is used to describe the NPS, listed in Table 1. The green line in that
figure represents the angle that the circular loop defines. The differ-
ence between the circular loop and our definition for the direction
of the NPS using the gradient technique is small compared with the
uncertainties, so there is consistency between the two definitions
for the direction of the filament.

In the Galactic Centre Spur (GCS), the difference in angle is
small, averaging less that 5◦. The magnetic field vectors are very
close to parallel with the direction of the filament. In Filament I, the
NPS, there is an offset of ∼10◦ in the angles. It can be seen even by
looking at the map on Fig. 3. A similar difference occurs in Filament
IX. Filament X is also well-aligned, with a difference very close to
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Our Model and Data

The γ-ray sky can be segmented into the following three components:
A structured component arising from the distribution of gas in the Galaxy.
A smooth component to account for the inverse-Compton (IC) emission, unresolved point
sources, and irreducible CR background in the data.
Point sources and slightly extended sources as listed in the second data release of the fourth
Fermi LAT catalog (4FGL-DR2)

Utilize Gaussian processes (GPs) to model the directional CR emissivity and the smooth
component intensity, keeping the 4FGL-DR2 component fixed.

Base the GPs on the HEALPix pixelization and use Nside = 4 (∼ 15◦) for the gas and
Nside = 8 (∼ 7◦) for the smooth component with linear interpolation to Nside = 256
(∼ 0.2◦) used for the data.

Use 10 yr of ULTRACLEANVETO FRONT+BACK data, same time range as 4FGL-DR2
Fit each hemisphere (|b| > 30◦) independently in each of the 4 energy bands (1-3, 3-10,
10-60, and 60-1000 GeV) with each bin split logarithmically into 4 smaller bins.

Allow for power-law spectral modulation for the emissivity and smooth component within
each coarse energy bin.

Gulli Johannesson
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The Gas Templates

Simulations show that the structured gas component is the most important source of
systematic uncertainty.
Use four different gas tracers, resulting in 11 gas templates:

HI4PI 21-cm observations (TS ∈ {50K, 100K})
Dust optical depth (τ353), dust radiance, and dust optical extinction (Av ) from Planck.
Dust turned to gas column using

G = Xd(D − d0)
1/α

where α ∈ {1.0, 1.2, 1.4} and Xd and d0 adjusted in a fit to optically thin HI column density

Run the analysis using these maps and compare the Akaike information criterion (AIC) in
HEALPix Nside = 8 pixels
Create a new map using the best AIC at the center of each pixel

Use a linear combination of the maps based on linear interpolation between the pixel centers
to avoid sharp borders.

Simulations show that this method reduces the systematic uncertainty to . 20%.

Gulli Johannesson
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Visualization of the Procedure
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The Spatial Results – Overview

Emissivity of gas (left) and intensity of
smooth component (right) after final
analysis
A low significance signal (. 3σ) in the
emissivity towards the Galactic center in
the north hemisphere (NH)
Significant structure in the smooth
component in NH, less in SH
Largest feature spatially associated with
Fermi-bubbles (FBs)

South feature shows up as two separate
blobs, with a measurably lower intensity
in between
Exact location depends on the
underlying pixelisation of the GPs
Result is qualitatively similar to previous
analysis of the FBs
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The Spatial Results – Zooming in

Using a reduced range
for the color scale, the
structure in the smooth
component becomes
more evident
Magenta arcs trace
features in radio
synchrotron maps

Clear emission from
Loops I and IV
Other loops with
less significant
emission

White regions used for
plotting spectra

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

0

180NH

0

180 SH

90
270

90

I

II

III

IV

IIIs

VIIb

1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00

2× 10−10 cm−2 s−1 sr−1 MeV−1

1.7 GeV

1.3× 10−11 cm−2 s−1 sr−1 MeV−1

5.5 GeV

3.6× 10−13 cm−2 s−1 sr−1 MeV−1

24 GeV

9× 10−16 cm−2 s−1 sr−1 MeV−1

240 GeV

Gulli Johannesson
Signatures of CR Acceleration in the γ-Ray Sky 7



Results – Isotropic-Subtracted Spectrum of Enhanced Features
Smooth component includes contribution from an isotropic background which is estimated
as the lowest intensity of the smooth component in each energy bin.
Loop spectrum similar to that of isotropic background and IC, while “SH feature” is
harder.

Points to leptonic origin of the emission

Spectrum of the FBs overall harder and compatible between north and south
High-latitude emission in the southern FB clearly harder than mid-latitude emission – not
seen in northern FB
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Discussion – Isotropic Subtracted vs. Radio

Subtracting the isotropic highlights the
true brightness of the features

Loops I and IV around 3 times brighter
than background

Loops I and IV are about equally bright in
gamma-rays, while Loop IV is significantly
dimmer than Loop I in radio
Caused by differences in magnetic field
strength?
Particles accelerated to TeV energies in
the loops
Extra feature at base of Loops II and VIIb
not seen in radio.
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Discussion – Isotropic Subtracted vs. X-rays

Emission from Loop I is compatible
between the two bands, while that of Loop
IV is missing in the X-rays.
X-rays in white box do not correspond to a
feature in the γ-ray maps.
SH feature in γ-ray map does not show up
in X-ray map.
Assuming the ratio of emission of Loop I
in γ-rays vs. X-rays, then we should be
sensitive to the Greenish extended region
observed in the SH by eROSITA.

Lack of correspondence does not support
the symmetry argument required for the
association of Loop I and FBs.

Predehl et al. 2020, Nature, 588
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and Fermi bubbles are causally connected, with the Fermi bubbles driv-
ing the expansion of the eROSITA bubbles and both structures being 
associated with the same (gradual or instantaneous) energy release in 
the nuclear region of the Milky Way. In this scenario, the outer bound-
ary of the Fermi bubbles plausibly represents a contact discontinuity 
that separates the shock-heated interstellar medium from the shocked 

outflow, and the boundary of the eROSITA bubbles is the shock that 
propagates through the halo gas. The pressure is thus continuous 
across the interface between the eROSITA and Fermi bubbles and the 
total thermal energies of the two features simply reflect their volumes 
(ignoring the effects of stratification, which may be non-negligible). 
Given that their characteristic sizes differ by a factor of about 2, the 
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Fig. 2 | The soft-X-ray eROSITA bubbles. a, False-colour map of extended 
emission detected by eROSITA in the 0.6–1.0-keV range. The contribution of 
the point sources has been removed and the scaling adjusted to enhance 
large-scale structures in the Galaxy. b, One-dimensional surface-brightness 
profiles in the same energy band (red lines with pink shading representing 
statistical uncertainties), cut at various galactic latitudes (as labelled). For 
comparison, we also show the predictions of four possible geometric models 

(not normalized to the data): a full sphere (yellow), a very thick shell (thickness, 
4 kpc; brown), a thick shell (thickness, 2 kpc; cyan) and a thin shell (thickness, 
0.2 kpc; green). The thick shell (cyan) is the most consistent with the data (see 
Extended Data Fig. 2 for a two-dimensional projection of this model). The 
region indicated by the white rectangle is where a preliminary spectral analysis 
was performed to constrain the line-of-sight absorption column density 
towards the southern eROSITA bubbles.
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Discussion – Origin of Emission from the Radio Loops

Lack of emissivity enhancement associated with the Loops requires that they are located
above most of the gas-layer in the Galaxy, placing them at distances & 200 pc.

The alternative explanation that they only accelerate electrons is unlikely.

Their intensity spectrum strongly indicates leptonic origin. This is also supported by low
gas density estimated from X-ray observations.
At the distance of the GC, electrons are expected to be strongly cooled if they are
accelerated close to the plane. Lack of strong cutoff poses challanges for such
interpretation.
Discrepancies between radio/X-ray/γ-ray correlations between the loops point to a wide
range of properties/origins for the various loops.
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Summary

We have measured the intensity of the smooth component of the gamma-ray emission in
an as unbiased way as possible.
Special treatment of the gas templates is required to reduce systematic uncertainty of the
method.
Significant emission is observed spatially coincident with the Fermi bubbles and radio
Loops I and IV

A single additional region significantly detected, possibly associated with a recent CR source.

Emission from Loops I and IV:
No signature of the southern counterpart of Loop I in gamma-rays, not even at the lowest
latitudes where X-ray emission is about as bright as that in the north
Loops I and IV are equally bright in γ-rays while they show strong variations in both radio
and X-rays.
Our results point to an intermediate distance to the two loops, placing them above/beyond
the gas-layer.

Using GPs or similar methods to extract the smooth component of the LAT emission is a
promising method.

Gulli Johannesson
Signatures of CR Acceleration in the γ-Ray Sky 12


