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In this contribution, based on Ref. [1], we motivate a magnetic-field model in the Galactic-halo-
bubbles region. Observations from Fermi-LAT [2—4] and eROSITA [5] show evidence of extended
bubble-like structures in the Galactic-halo region, while WMAP [6], Planck [7], and S-PASS [8]
also observed emission from extended Galactic structures at high Galactic latitudes. These non-
thermal and thermal observations collectively motivate our investigation into the magnetic fields
present in these Galactic halo bubbles. To constrain the parameters of our model, we combine it
with an expression for the non-thermal electron distribution and generate sky maps of polarised
synchrotron emission. These sky maps are then tested against Planck data at 30 GHz, showing
the need for extended magnetic-field bubbles in the 2-10 uG range. Furthermore, we investigate
the effect of these magnetic fields in the Galactic halo bubbles on the arrival directions of ultra-
high-energy cosmic rays (UHECRs). We conclude that present uncertainties in the field strengths
can have significant consequences on the arrival directions of the cosmic rays and thereby on the
source localisation.
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1. Introduction

Extended radio emission at high latitudes has been detected by the WMAP [6] and Planck [7]
observatories and were coined the WMAP and Planck haze. S-PASS data confirmed the existence
of extended Galactic radio emission, which was linked to giant magnetised outflows from the centre
of our Galaxy [8]. Emission from giant outflows from the centre of the Milky Way was previously
seen in gamma rays by Fermi LAT [2—4] and called the Fermi bubbles. Recently, eROSITA detected
such large-scale bubbles extending from the Galactic centre in X-rays as well [5]. Here we call this
extended structure detected in radio, gamma-ray and X-ray emission the Galactic halo bubbles.

Similar out-of-the-plane emission has been observed from other galaxies besides the Milky
Way as well. For example from NGC 253, where extended structures have been observed in both
radio and X-ray wavelengths [9, 10]. In addition, the radio survey CHANG-ES found extended
(~10 kpc) halos in their survey of 35 external edge-on galaxies [11]. While Ref. [12] showed that
halos with even larger sizes (hundreds of kpcs) are present around nearby spiral galaxies.

In Ref. [1], we provide a model for the magnetic fields in the Galactic halo bubbles. Magnetic
fields in our Galaxy play a vital role in many astrophysical processes, including the propagation
of cosmic rays through the Galaxy. One way to probe the magnetic fields in the Galactic halo
bubbles is with synchrotron radiation, which is emitted by non-thermal cosmic-ray electrons due to
their interactions with the local magnetic fields. The synchrotron radiation detected at Earth probes
the magnetic-field component perpendicular to the line of sight from Earth to the source of the
radiation.

Currently, our understanding of the magnetic fields in the Galactic halo is limited, compared
to our knowledge of the magnetic fields in the Galactic disc. This is due to the lack of sources such
as pulsars, starlight polarisation and dust emission in the halo that can be used to probe magnetic
fields (see e.g. Ref. [13] for a review). However, indications for a toroidal magnetic field oriented
in opposite directions above and below the Galactic plane have been found (see e.g. Refs. [14-16]).
The large-scale magnetic fields outside of the Galactic plane are, therefore, often modelled as a
toroidal component, possibly in combination with an X-shaped component, as for example in the
widely-used model of Refs. [17, 18] (the JF12 model). This model, however, disregarded the region
of the sky corresponding to the Galactic halo bubbles and focused on a large-scale halo field not
associated with the bubbles near the Galactic centre. Here, we do the opposite and focus only on
the Galactic-halo-bubbles region.

2. Magnetic-field model for the Galactic halo bubbles

In Ref. [1], we developed a magnetic-field model for the Galactic halo bubbles. This magnetic-
field model consists of a large-scale axisymmetric structured toroidal field and small-scale turbulent
fields. The structured field is described by the free parameters By, Rimag and Zp,g, with the total
strength at a radial distance r from the Galactic centre in the xy plane and height z given by:

Btor(r7 Z) — Bsn_e_|Z|/Zmage_zmin/|zle_r/Rmag, (1)

with the Galactic centre at (0, 0, 0) and the Galactic disk in the xy plane. The Galactic plane is
disregarded due to a fixed cut at zpi, = 100 pc.
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Table 1: Best-fit parameters for the model of the magnetic fields in the Galactic halo bubbles with 1o
uncertainties (with the lower limit of By, reaching the scan boundary), adjusted from Ref. [1].

Parameter Best-fit value Description

By 4j uG Structured field strength
Bur 710 uG Turbulent field strength
Rimag 5% kpe Radial cut off

Znag 6f10 kpc Azimuthal cut off
10g10(Chorm [cm™3]) —11.7f%‘% Electron density at 10 GeV

The turbulent component of the magnetic-field model is given by a Kolmogorov power-law
spectrum with a coherence length of L.on, = 150 pc. The RMS field strength By, of this component
is treated as a free parameter. These turbulent fields extend out to 14 kpc from the Galactic centre
so that they cover the entire Galactic bubble region as indicated by the eEROSITA measurements [5].
One last free parameter in the model is the normalisation of the non-thermal electron density Cporm-
See Ref. [1] for more details on the magnetic-field model and the electron-density distribution.

In Ref. [1], we calculated the polarised synchrotron emission for this setup as expected to arrive
at Earth. We compared this to the publicly-available polarised radio data at 30 GHz from Planck.
We scanned over the free parameters By, Rimag, Zmags Buur and Cyorm to obtain a best-fit result and
allowed parameter ranges. The scan ranges of the different parameters were: from 2 kpc to 19 kpc
in steps of 1 kpc for Ry, and Zyag, from 2 uG to 18 uG logarithmically in 30 bins per decade
for By and By, and from 1074 cm™3 to 1071 cm™3 logarithmically with 10 bins per decade for
Chorm- The results are summarised in Table 1.

The turbulent component of the magnetic-field model is not strongly constrained. The 1o
range for By, covers almost the entire scan range. However, the turbulent component is an essential
component of the model. To illustrate the effect of the turbulent component, we show three
different scenarios of polarised synchrotron emission in Fig. 1. These skymaps are smoothened
using a Gaussian kernel with a size scale of 15° as we are only interested in the large-scale
features, not the small-scale variations. The top figures only have turbulent magnetic fields with
Bur = 10 uG, while the bottom figure only has structured magnetic fields with By, = 10 uG and with
Rmag = Zmag = 6 kpc. The figures with only turbulent fields clearly have a different morphology
than the case with only structured fields and it is clear that the turbulent fields can add a significant
amount of polarised emission to the overall sky. Comparing the skymaps of Fig. 1 with Fig. 3 of
Ref. [1] shows that both structured and turbulent fields are necessary to get the morphology as close
as possible to the Planck data.

The difference between the top-left and top-right figures is the cutoff distance of the turbulent
fields. The top-left skymap has an exponential spatial cutoff in the same way as the structured fields
(Eq. 1) with Ryyag = Zmag = 6 kpc. The top-right skymap has volume-filled turbulent magnetic
fields up to 14 kpc from the Galactic centre (as in the original magnetic-field model). A larger
cutoff distance clearly increases the total polarised intensity.
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Figure 1: Polarised synchrotron skymaps for different Galactic-halo-bubble magnetic-field setups,
smoothened on a size scale of 15° using a Gaussian kernel. Top left: Only turbulent fields with By, = 10 uG
and an exponential spatial cutofl the same as the structured-field model (Eq. 1) with Ryyag = Ziag = 6 kpe. Top
right: Only turbulent fields with By, = 10 uG, volume filled up to 14 kpc from the Galactic centre (as in the
original magnetic-field model). Bottom: Only structured fields with By, = 10 uG and Rmag = Zimag = 6 kpc.

3. Deflections of UHECRs

To show the effects of the magnetic fields in the Galactic halo bubbles on UHECRs, we back-
tracked UHECR trajectories from Earth through the magnetic-field model until the edge of the
Galaxy using CRPropa 3 [19, 20]. In Ref. [1], we did this for two specific typical source candidates
(Centaurus A and NGC 253). Here, we repeat this exercise for ten arbitrary source positions at
a regular spacing (I = —60°, —30°, 0°, 30° and 60°; b = —30° and 30°). The results are shown
in Fig. 2 for the best-fit magnetic-field model and both UHECR protons of 40 EeV and UHECR
nitrogen nuclei of 40 EeV. The nitrogen nuclei show larger deviations from their original source
positions due to the higher charge of nitrogen compared with protons. The UHECRs from the
sources with non-zero longitude show an average shift towards [ = 0° due to the structured fields.
An average shift towards b = 0° is visible as well, especially for the sources at / = 0°.

Furthermore, in Fig. 3 we compare UHECR deflections (nitrogen of 40 EeV) from Cen A and
NGC 253 for the lower bound and upper bound of our Galactic-halo-bubbles magnetic-field model
(see also Fig. 4 of Ref. [1]) with the JF12 model. For the JF12 model, we included all components
of the field (toroidal halo field, X-field and turbulent fields, in contrast to Fig. E1 of Ref. [1] where
we did not include the X-field) except for the disc field as we did not include a disc field in our
magnetic-field model. Including the disc field will not affect the conclusions from this comparison.
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Figure 2: UHECR arrival directions for ten UHECR source positions on a regular grid, propagated through
the best-fit magnetic-field model. Left: UHECR protons of 40 EeV. Right: UHECR nitrogen of 40 EeV.

From these skymaps, it is clear that the JF12 model causes larger shifts of the original source
position for both sources than the Galactic-halo-bubbles model, while the Galactic-halo-bubbles
model gives a larger spread around the source position. The larger shift is due to the stronger
structured field in the JF12 case, while the larger spread is due to the stronger turbulent fields in the
Galactic-halo-bubbles model.

4. Conclusions

In Ref. [1], we presented a model for the magnetic field in the Galactic halo bubbles, the giant
magnetised outflows from the centre of the Milky Way. We determined the parameter ranges for
which the polarised synchrotron emission best fits the polarised radio data at 30 GHz from Planck.
This showed a rather well constrained radial extent and height of the bubbles, and the likely presence
of both a structured and turbulent component of the magnetic field. In this work, we illustrate the
effects of the turbulent component of this model of the Galactic-halo-bubbles magnetic fields on
polarised synchrotron emission. Even though the RMS strength of the turbulent component is not
well constrained, the turbulent component does provide an essential contribution to the intensity
and morphology of the polarised synchrotron emission.

Furthermore, we investigate the effects that the Galactic-halo-bubble magnetic fields can have
on the arrival directions of UHECRs. In Ref. [1], we showed this for two typical UHECR source
candidates, Cen A and NGC 253. In this work, we repeat this exercise for ten arbitrary, regularly
spaced, source positions. This shows the tendency for UHECRs to, on average, get deflected more
towards / = (0° and b = 0°.

We also compare the expected UHECR arrival directions for the Galactic-halo-bubble magnetic-
fields model with the expected UHECR arrival directions for the widely-used JF12 Galactic-
magnetic-field model for Cen A and NGC 253 as potential UHECR sources. On average, the shift
of the source position is larger in the JF12 model, while the spread around the source position is
larger in the Galactic-halo-bubble magnetic-fields model. If the overdensities around Cen A and
NGC 253 in the distribution of UHECR arrival directions measured by the Pierre Auger Obser-
vatories [21, 22] are indeed produced by UHECRSs from these two sources, then only a negligible
shift of the original source position and a wide spread around the original source position are ob-
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Figure 3: Simulated UHECR arrival directions, nitrogen of 40 EeV, for two potential UHECR sources:
NGC 253 and Cen A. Top left (right): UHECRs propagated through the lower (upper) bound of the
Galactic-halo-bubbles magnetic-field model, adopted from Ref. [1] with updated color-bar range for easier
comparison. Bottom: UHECRSs propagated through the JF12 Galactic-magnetic-field model, without the
disc component of this model.

served. This is more consistent with a magnetic-field realisation similar to the Galactic-halo-bubble
magnetic-fields model than with the JF12 model.
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