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ABSTRACT

We present a simple, unified model that can explain two of the brightest, large-scale, diffuse, polarized
radio features in the sky, the North Polar Spur (NPS) and the Fan Region, along with several other
prominent loops. We suggest that they are long, magnetized, and parallel filamentary structures that
surround the Local arm and/or Local Bubble, in which the Sun is embedded. We show this model
is consistent with the large number of observational studies on these regions, and is able to resolve
an apparent contradiction in the literature that suggests the high latitude portion of the NPS is
nearby, while lower latitude portions are more distant. Understanding the contributions of this local
emission is critical to developing a complete model of the Galactic magnetic field. These very nearby
structures also provide context to help understand similar non-thermal, filamentary structures that
are increasingly being observed with modern radio telescopes.
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1. INTRODUCTION

The North Polar Spur (NPS) (Tunmer 1958; Hanbury
Brown et al. 1960) and the Fan Region (Berkhuijsen
et al. 1964) are, by far, the two brightest and most
dramatic extended features in the large-scale radio syn-
chrotron sky across a broad range of frequencies. Since
the time of their discoveries and right up to the present
day, astronomers have questioned the origin of these two
regions, with some arguing that they are local features
(Berkhuijsen et al. 1971; Spoelstra 1972; Wilkinson &
Smith 1974; Spoelstra 1984; Heiles 1998; Vidal et al.
2015; Egger & Aschenbach 1995; Wolleben 2007; Das
et al. 2020), while others argue that they are distant,
Galactic-scale features (Sofue 1977; Bland-Hawthorn &
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Cohen 2003; Sofue et al. 2016; Hill et al. 2017; Kataoka
et al. 2018; Sarkar 2019; Predehl et al. 2020; LaRocca
et al. 2020). Their origins remain an open question. In
Fig. 1 we present a labeled map showing the location of
these regions using the Stokes I, total intensity all-sky
map at 408 MHz from Haslam et al. (1982)" alongside
the 30 GHz linear polarized intensity map from Planck
(Planck Collaboration et al. 2016b). The resolutions,
i.e., the full-width at half maximum of the Gaussian
beams of these maps, are 51’ and 33’ respectively.

If these features are indeed local, understanding their
structure and morphology is critical since we are em-

! For the 408 MHz data we use the synchrotron emission map
provided by the Planck collaboration, which has been cor-
rected for the contribution due to the Cosmic Microwave
Background. https://irsa.ipac.caltech.edu/data/Planck/release._
2/all-sky-maps/foregrounds.html
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bedded among the stars, dust, and gas that comprise
them, and all features beyond must be observed through
this local veil of material. Features that are extremely
nearby can have a very large angular size on the sky,
and only with good models can we account for this
“contamination” when developing large-scale models of
the Galactic magnetic field and foreground models for
cosmology experiments (e.g., Gorski et al. 2019). Yet,
understanding the local environment is also very dif-
ficult because there is superposition of emission at all
distances, and the large angular extent means the sur-
face brightness of local emission can be small and can
easily be overwhelmed by background sources.

In addition to the NPS and the Fan Region, there
are several other polarized loops and spurs in the large-
scale Galactic emission (e.g., Planck Collaboration et al.
2016a, also Fig. 1). Vidal et al. (2015) propose a com-
mon origin for the NPS and these loops as filaments
in the wall of a nearby bubble, but the Fan Region is
not part of their analysis (see their Fig. 2). The NPS
and the Fan Region share many similar features. Both
have high fractional polarization and coherent magnetic
fields, revealing the synchrotron origin of this emission,
and confirming the presence of relativistic cosmic ray
electrons (CREs). Both are clearly seen in dust po-
larization (Planck Collaboration et al. 2015), and both
have similar angular scale, several tens of degrees long
and several degrees wide. Despite the similarities, very
few studies have considered that they could have a com-
mon origin. A notable exception is Mathewson & Milne
(1965) who suggested they are features of the Local arm
in which the Sun is embedded.

The synchrotron nature of these features means that
they are intrinsically polarized, making radio polariza-
tion observations a powerful tool for their study. A radio
telescope observes the linearly polarized components of
the complex polarization vector using the Stokes param-
eters, @ and U. The observed intensity of the polarized
radiation, PI, is found by

PI=/(Q*+U?), (1)

and the observed orientation of a polarized wave, i.e.,
the polarization angle, xops is given by

Xobs = %arctan (g) . (2)

The telescope observes a wave with polarization angle
Xobs, different from the angle xq at the point of emission.
The plane of polarization has been modified by Fara-
day rotation in the intervening magneto-ionic medium.
Xobs — Xo is dependent on the observation frequency, v,

and on the properties of the medium along the propa-
gation path where

Xobs — X0 = FD (5)2 (3)

Here ¢ is the speed of light and FD is the Faraday
depth. Thus one can see that for large v, the difference
between Xobs and xo becomes very small. The FD (in
discrete form), along a particular line of sight, from some
source at a distance ), AR, is defined by:

FD = ZO.Slne,iB”,iAR [rad m~?]. (4)

Here ne; is the electron density, and B); is the line-
of-sight component of the magnetic field at each step, .
The step size along the line of sight is given by AR.

The long and narrow morphology of the NPS and the
Fan Region is also reminiscent of other long and narrow
filamentary structures that are ubiquitous throughout
our Galaxy and observed across many different wave-
lengths and through different emission mechanisms. At
optical wavelengths there are radiative filaments around
old supernova remnants (SNRs) (e.g., Fesen et al. 2015)
and isolated filaments of unknown origin (McCullough
& Benjamin 2001). Thermal and non-thermal radio fil-
aments are found in SNRs and in the walls of Galactic
chimneys and supershells (e.g., the W4 Chimney, Nor-
mandeau et al. 1996). Long (up to 430 pc), narrow
(~ 0.5 pc wide) filaments of molecular gas trace spiral
structure and may form the “bones” or “skeleton” of the
Galaxy (Goodman et al. 2014; Zucker et al. 2015). In
addition, simulations show the formation of filamentary
structure in molecular clouds (e.g., Tritsis et al. 2018).
Recently, Alves et al. (2020) discovered a narrow and co-
herent wave of dense gas in the solar neighborhood that
is 2.7 kpc long, and aligned with Galactic longitude,
[ = 60° +10°. Although molecular gas is quite different
from synchrotron emission, this example demonstrates
that large-scale filamentary structure can trace spiral
structure over large distances.

Across all wavelengths, filamentary structures are in-
creasingly evident as the resolution and sensitivity (both
brightness and spatial scale) of observations improve.
Radio data have revealed a plethora of non-thermal fil-
aments in the Galactic centre (Yusef-Zadeh et al. 1984;
MeerKAT Collaboration 2018), which Sofue (2020) pro-
poses may be relics of old SNRs, and isolated filaments
from LOFAR measurements (Zaroubi et al. 2015; Jeli¢
et al. 2015). Fine filamentary structure can be seen
in the NPS in reprocessed data from the NVSS sur-
vey (Rudnick & Brown 2009). In addition, the HI
sky has many large-scale filaments, now shown to be
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strongly aligned with the Galactic magnetic field (Clark
2018; Clark & Hensley 2019), and other recent stud-
ies are showing alignment of HI filaments with other
straight, polarized features (e.g., Campbell et al., sub-
mitted; West et al. in prep). These examples probe
different phases of the interstellar medium (ISM), which
may not sample the same region of space. However,
there is increasing evidence that these phases are inter-
connected.

Recent studies suggest that the Local Bubble dom-
inates the very local Galactic magnetic environment.
Alves et al. (2018) find that the Local Bubble magnetic
field is directed towards the Galactic latitude and lon-
gitude, (I,b) = (70° £ 11°,443° 4+ 8°) in the northern
polar cap and (74° 4+ 8°,—14° + 18°) in the southern
cap, and Planck Collaboration et al. (2016a) find it is
directed towards (I,b) = (70°,+24°) in the south (see
Table 3 in Pelgrims et al. 2020, for a summary of these
values). These values are close to | = 83° £4°, the local
field direction found from starlight polarization (Heiles
1996). Skalidis & Pelgrims (2019) find that polarized
dust emission is dominated by magnetic structure within
200-300 pc, within the shell of the Local Bubble. These
measurements all have a fairly consistent longitude, but
the latitudes of these vary greatly.

In this paper, we are inspired by the suggestion of
Mathewson & Milne (1965) that the Fan Region and
the NPS are part of the Local arm, and consider this
in the context of recent observational evidence. Given
the ubiquity of filamentary structure and the alignment
of HI filaments with the magnetic field, we consider a
model where the Sun is embedded in an environment
with filamentary geometry instead of a uniform mag-
netic field. In this model, the filaments that we observe
as the Fan Region and the NPS have a common origin
as the elongated fragments of a supershell surrounding
the Local Bubble that has been stretched along the Lo-
cal Arm. We do not endeavor to do a full simulation in
this work. Instead, the goal of this paper is to present a
new idea using a simple model, and compare it to a wide
variety of observational features including morphology,
radio brightness, FD, and absolute polarization angle,
while at the same time considering ways to resolve a
number of observational discrepancies that have been
presented in the literature.

In Sec. 2 we give a brief overview of the large amount
of relevant literature concerning the distances to these
features. In Sec. 3 we offer a new perspective and com-
pare previously published data at different radio fre-
quencies. We present our model in Sec. 4 in three
parts of increasing complexity: a straight-line model
(Sec. 4.2), curved filaments (Sec. 4.3), and tilted, curved

filaments (Sec. 4.4), and then discuss implications for the
synchrotron intensity (Sec. 4.1) and FD (Sec. 4.5). In
Sec. 5 we discuss the distance (Sec. 5.1), and possible
origins (Sec. 5.2). Conclusions are presented in Sec. 6.

2. OBSERVATIONAL FEATURES

Given the large angular extent and prominence of
these features, many observational studies have revealed
a wealth of information. However, these studies do not
always agree on the conclusions, particularly concerning
the distance. There is significant controversy over the
NPS in particular, and whether it is very nearby, or at
the Galactic centre. Here we provide a summary of the
main observational features, which provide important
context for the paper.

2.1. North Polar Spur

In addition to radio synchrotron, the NPS is ob-
served through many other observational tracers, in-
cluding neutral hydrogen (Berkhuijsen et al. 1970), dust
traced by microwave emission (Planck Collaboration
et al. 2015), tracers from starlight polarization (Berdyu-
gin et al. 2014), thermal emission from X-rays (Bunner
et al. 1972; Puspitarini et al. 2014; Predehl et al. 2020),
and Gamma rays (Casandjian et al. 2009). Although the
emission is coincident across these wide variety of trac-
ers, there is not a consensus as to whether these trace
the same structures.

Observations at X-ray wavelengths tend to favor a dis-
tant NPS:

1. A recent study by Predehl et al. (2020) presents
new, all-sky, X-ray observations from eROSITA.
The fourfold symmetry around the Galactic cen-
tre and the tantalizing association with the diffuse
gamma ray emission called the Fermi bubbles (Su
et al. 2010) lead the authors to conclude that this
is a Galactic scale feature possibly associated with
outflow from the supermassive black hole Sgr A*.

2. Other authors (e.g., Sofue 1977; Bland-Hawthorn
& Cohen 2003; Sofue et al. 2016; Kataoka et al.
2018; Sarkar 2019) use magneto-hydrodynamic
simulations and observations near the Galactic
centre to support the central black hole outflow ar-
gument. These works demonstrate the plausibility
of creating an NPS-like structure at the Galactic
centre that could explain the observed X-ray emis-
sion.

3. Puspitarini et al. (2014) made a detailed study
comparing the local 3D dust distribution with soft
X-ray emission. They conclude that the brightest
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Figure 1. Top row: 408 MHz Stokes I, total intensity data (Haslam et al. 1982) (left) and 30 GHz polarized intensity data
(Planck Collaboration et al. 2016b) (right) shown in Galactic coordinates with the centre of the map at (I,b) = (0°,0°), and
with labels identifying the main features discussed in this work. The 30 GHz data have been smoothed to a resolution of 1°.
Bottom row: The same 408 MHz total intensity (left) and 30 GHz polarized intensity data (right) as above, but centred on the
approximate centre coordinates of the Fan Region, (I,b) = (135°,0°). These maps are shown with slightly different brightness
scaling, and the 30 GHz map is shown at full resolution (33"). The white contour in these maps shows the faint 30 GHz polarized
intensity at a level of 0.015 mK (smoothed to 2°). The black contour is also 30 GHz polarized intensity, but at a level of 0.05 mK
(unsmoothed), which highlights the bright polarized features towards this direction. The magenta contour in the bottom left
panel shows the 24 K level of the 408 MHz data for direct comparison with the polarized intensity contour.

part of the NPS in X-rays (i.e., for b < 8°) origi-
nates from hot gas beyond ~ 200 pc.

4. In a follow-up study of X-ray absorption, Sofue
(2015) conclude that the NPS must be behind the
Aquila Rift, giving a lower limit on the NPS dis-
tance of 1.02 + 0.25 kpc. Other studies of X-ray
absorption toward the NPS by Lallement et al.
(2016) and LaRocca et al. (2020) also favor a dis-
tant origin for the X-ray emission in the direction
of the NPS.

It must be noted, however, that these analyses provide
no solid lower limits beyond a few hundred pc and no
real information beyond 4 kpc. Lallement et al. (2016)
find a minimum distance to the near side of the NPS of
260 pc. Though the analyses favor a distant origin for
the X-ray emission, distant in this case means beyond

most, if not all, of the intervening dust. That dust is so
thinly distributed about the disk (= 100 pc) that there
is little information in the dust to constrain the distance
beyond a kpc even for the lower part (b &~ 10°) of the
NPS.

The main argument presented by Predehl et al. (2020)
is a morphological one. While visually compelling, many
other observational studies have presented strong evi-
dence that contradicts this picture to conclude that the
NPS must be considerably more local. This evidence
includes:

1. Its alignment with polarized emission from nearby
dust grains (Skalidis & Pelgrims 2019; Das et al.
2020; Panopoulou et al. 2021).

2. Polarized starlight from 150 - 500 pc away demon-
strates the presence of a magnetic field in that dis-
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1.4 GHz polarized intensity and magnetic field

30 GHz polarized intensity and magnetic field

Figure 2. Left: DRAO/Villa Elisa 1.4 GHz peak polarized intensity map projected to a centre point at (I,b) = (90°,445°)
with line integral convolution of the observed magnetic field lines as measured from the 1.4 GHz data. The grid shows Galactic
coordinates with increments of 30°, with the North Galactic pole near the top at the centre. The Fan Region is the bright
extended feature to the lower left of the map centre, and the NPS is located on the upper right of the map centre. Right:
30 GHz polarized intensity data with line integral convolution of the observed magnetic field lines as measured from the 30 GHz

data. The projection and grid are the same as the plot on the left.

tance range that strongly resembles the morphol-
ogy of the NPS (Heiles 1996; Santos et al. 2011).

3. There is an association with neutral hydrogen
that suggests a local structure (Verschuur 1970;
Berkhuijsen et al. 1971; Haslam et al. 1971; Ver-
schuur & Magnani 1994; Welsh & Shelton 2009).

4. There is no associated structure detected in cur-
rent FD maps of the sky (Oppermann et al. 2015;
Hutschenreuter & Enfllin 2020; Hutschenreuter
et al. 2021), which primarily use measurements of
the Faraday rotation of radio galaxies as probes
to trace the full FD out to the edge of the Milky
Way Galaxy.This makes it very unlikely that the
NPS is a physically large structure. If the NPS
is a Galactic-scale feature located near the Galac-
tic center, its thickness would measure hundreds
of pc (6° corresponds to ~ 840 pc at a distance of
8 kpc). Since the NPS is very prominent in po-
larized intensity, this implies that it contains a co-
herent magnetic field, which should contribute to
a significant Faraday rotation through a structure
with such a large path length, even if the electron
density is relatively small.

Taking all of this evidence together would seem to in-
dicate that the NPS itself is local and that the X-ray
observations most likely present a confused superposi-
tion of local and more distant emission. Suggestions for
a local origin of the NPS include a large, old supernova
remnant (Berkhuijsen et al. 1971; Spoelstra 1972) or a
portion of the local arm (Mathewson & Milne 1965).
Still others have suggested that it could be a bright fila-
ment from an expanding shell with a diameter of 120 pc

(Heiles 1998; Vidal et al. 2015) or due to a collision of
shells (Egger & Aschenbach 1995; Wolleben 2007).
Although there is a large amount of evidence that sug-
gests that the NPS is local, there is disagreement as to
the exact distance, and several studies have pointed out
what seems to be contradictory evidence that suggests a
portion of the NPS is local (~ 100 pc) while other por-
tions must be more distant (> 250 pc). These include:

1. Sun et al. (2015) present a FD study of the diffuse
NPS emission and conclude that the high latitude
portion of the NPS at b > 50° is local (~ 100 pc),
but that the region for which b < 40° is likely
more distant. This is because the part nearest
the Galactic plane shows strong depolarization at
lower frequencies (~ 1 GHz) (Sun et al. 2015),
which implies a foreground depolarizing screen.
Conversely the FD from the ISM in front of the
NPS for b > 50° is zero, which implies that this
part of the NPS is local.

2. Santos et al. (2011) study starlight polarization
with a view to test the hypothesis of an annular
shell. They find “very discrepant distances along
the annular region: ~100 pc to the left side and
250 pc to the right side, independently confirming
the indication from a previous photometric analy-

sis.”

3. Das et al. (2020) use Gaia DR2 data and interstel-
lar reddening to map the 3D distance. They find
that they can “account for nearly 100 per cent of
the total column density of the NPS as lying within
140 pc for latitudes > 26° and within 700 pc for
latitudes < 11°.”
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4. Panopoulou et al. (2021) analyze a combination
of stellar polarization, polarized synchrotron radio
emission, and polarized thermal dust emission to
show a significant alignment of the relative angles
from these tracers concluding that the NPS is local
for b > 30°.

It is interesting that these varied studies all come to
a similar conclusion that the high latitude portion of
the NPS is local, while the lower latitude portion(s) are
more distant. The bubble or shell-type models that have
been proposed in the literature are not able to reconcile
the observations, suggesting very different distances to
different parts of the NPS. We interpret this evidence as
a key clue in understanding the true nature of the NPS.

les at 1.4 GHz and 30 GHz

I
0 Degrees 90

Figure 3.  Absolute difference in polarization angle be-
tween 1.4 and 30 GHz data, shown in the same projection as
Fig. 2. Contours show the 1.4 GHz polarized intensity for a
value of 0.15 K, highlighting that the regions with the high-
est polarized intensity have some of the smallest differences
in polarization angle, with the notable exception of the base
of the NPS.

2.2. Fan Region

The term “Fan Region” has been used in the literature
to refer to a variety of features in diffuse polarized radio
emission in the second Galactic quadrant extending sev-
eral degrees North and somewhat South of the Galactic
plane. It was originally called the Fan Region because
its electric field vectors, as seen from polarized radio
emission, appear to fan out and away from the Galactic
plane (Brouw & Spoelstra 1976). Some of these features
are known discrete objects that are located at a variety
of longitudes (and distances) within the broad extended
region of diffuse emission. In some cases, the features
are only visible at some range of frequencies. Hill et al.
(2017) argue that at least 30% of the brightest emission
at 2 1 GHz — the yellow emission in the lower right
panel of Fig. 1 — must originate 2 2 kpc away. lacobelli

et al. (2013) examine the Faraday spectrum towards a
polarized feature at (¢,b) = (137°,47°) at ~ 150 MHz
and conclude that one of the components of this low-
frequency emission is nearby (< 100 pc) and extended,
and is likely part of the Local Bubble wall, while an-
other component is a large, discrete Faraday structure.
In the Brouw & Spoelstra (1976) data, the Fan Region
appears to only extend from 120° < [ < 160°, though
from Fig. 1, one can see it extends much farther. We
attempt to clarify the definition of the Fan Region for
the purposes of this work.

Like the NPS, the Fan Region is also very highly po-
larized (up to 40%) and extremely bright and obvious
in polarized emission. But unlike the NPS, the Fan Re-
gion is not nearly as obvious in radio continuum and
is mostly unremarkable at other wavelengths, possibly
owing to its superposition on the Galactic plane. Some
authors have stated that there is no Stokes I counterpart
to the Fan Region (e.g., Hill et al. 2017), but on care-
ful examination of the available data, we think this is a
misconception for several reasons. At higher frequencies,
Stokes I emission becomes increasingly mixed with con-
tributions from other emission mechanisms (e.g., ther-
mal Bremsstrahlung) making it more difficult to differ-
entiate the synchrotron contribution, whereas polarized
intensity more directly probes the synchrotron emission
(see Fig. 51 of Planck Collaboration et al. 2016¢). At
30 GHz, the Stokes I synchrotron component is mixed
considerably with other emission mechanisms, making
many of the features indiscernible. At lower frequencies
the Stokes I is increasingly dominated by synchrotron,
but the polarized intensity has a greater influence from
Faraday rotation, whereas Stokes I is unaffected by
Faraday effects. Thus, in the bottom row of Fig. 1, we
choose to compare polarized intensity at 30 GHz to total
intensity at 408 MHz. The 30 GHz polarized intensity
map is dominated by the synchrotron component, and
additionally, at this frequency, is almost completely free
from the effects of wavelength dependent Faraday rota-
tion, which can complicate the interpretation (although,
as a vector quantity, polarized emission is still subject
to geometric depolarization along the line-of-sight).

The bottom row of Fig. 1 highlights two main com-
ponents of polarized emission towards the approximate
centre coordinates of the Fan Region, (I,b) = (135°,0°).
First there are several smaller scale features that are
very bright in polarization intensity (black contours),
and second, there is a larger and fainter region of polar-
ized emission, which we identify with a white contour.
In the bottom-left panel, the 24 K total intensity con-
tour, shown in magenta, demonstrates a clear correspon-
dence to the white, polarized contour. When observing
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Figure 4. Top Left: Top-down view of a selection of straight-line filaments oriented towards [ = 70°. The Sun is located at
the centre of this plot and the Galactic centre is to the right. Galactic longitude is labeled on the circular grid. There are a
total of eight filaments in this model, arranged uniformly around the Sun: one directly above us, one directly below us, one to
each side, and one each in the top-right, top-left, bottom-right, and bottom-left. Only three filaments are visible in this figure
since the others are stacked in the z-direction. Bottom Left: Top-down view of a selection of straight-line filaments oriented
towards [ = 45°. Right column: Simulated synchrotron emission from these filaments. Galactic longitude circles and lines of
Galactic latitude are drawn every 30°, with [ = 0°, b = 0° at the centre.

towards the Fan Region with a larger beam (which is
particularly true of some historical observations), the
bright and faint components become mixed and more
difficult to distinguish.

For the purposes of this work we consider the Fan
Region to be defined by the white contour in the bot-
tom row of Fig. 1, i.e., the large and diffuse envelope
of emission, but excluding the bright, discrete objects
that are identified by the black contours. We make
this distinction since the black contours in Fig. 1 in-
clude several well known, discrete Galactic synchrotron
emitting objects, such as the W3/W4/W5 star-forming
complex and superbubble and 22 known supernova rem-
nants in the region 100° < I < 180° (Green 2019), which
include several bright and extended historically known
radio sources (e.g., 3C10, 3C58, Bennett 1962). In ad-
dition, the magnetic field appears to be coherent over
the entire area defined by the white contour, as shown
in Fig. 2.

An additional complication is that the position of the
Fan Region also corresponds to longitudes where we
would expect to have excess emission due to the Perseus
spiral Arm. Global Galactic magnetic field models can-
not reproduce either the Stokes I or the polarized emis-
sion towards the Fan Region. In both cases there is
excess emission in the data compared to the model (see
Figure 5 of Planck Collaboration et al. 2016d), however
we note that the problem is much less severe for Stokes I
than for polarized intensity.

3. A NEW PERSPECTIVE ON EXISTING DATA

The idea that the Fan Region and the NPS could both
be emission from the Local Arm has a simple premise:
synchrotron emission is brightest perpendicular to the
field (Mathewson & Milne 1965). An observer embed-
ded in a uniform magnetic field aligned with the Local
Arm should observe two bright patches of synchrotron
emission filling a large fraction of the sky at the approx-
imate positions of the NPS and the Fan Region. This
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1(NPS)

0.02 Polarized Intensity [mK] 0.04

0 Normalized Polarized Intensity [K] 1

Figure 5. Left: 30 GHz polarized intensity image with contours of the model filaments as they would appear in the sky (see
Sec. 4). The small circles shown have a diameter of 2°, and are used to compare the model and the data in Fig. 9. Right:
Simulated synchrotron emission for the parallel filaments as illustrated in Fig. 6 and Fig. 8, and using the parameters in Table 1.
The labels follow the naming convention used by Vidal et al. (2015). The orange ticks label the values of the variable ¢, which
is used to define the extent of the filament in the model (see point 2 in Sec. 4.3). The corresponding points on the top-down

view of the filaments are labeled in Fig. 8.

can be more easily seen and understood by altering the
map projection used to view an image. All-sky maps are
most commonly presented in standard map projections
(e.g., Mollweide) with the Galactic centre at the centre
of the map (e.g., as shown in the top panels of Fig. 1).
These projections can distort our perspective and alter
how we interpret the data.

We compare the linearly polarized radio data at two
frequencies: high frequency data at 30 GHz from Planck
(Planck Collaboration et al. 2016b), and a combined
lower frequency, all-sky map at 1.4 GHz using 26-m
Dominion Radio Astrophysical Observatory (DRAO)
(Wolleben et al. 2006) and the 30-m Villa Elisa tele-
scope (Testori et al. 2008) polarization surveys provided
by the Centre d’Analyse de Données Etendues (CADE)
(Paradis et al. 2012). The resolution of these maps is
nearly identical (33’ and 36’ respectively).

In Fig. 2 we show peak polarized intensity data (i.e.,
synchrotron emission) from the two data sets. Instead
of the standard centre point, we reproject these maps
to (I,b) = (90°,+45°), which is roughly mid-way be-
tween the Fan Region and the NPS. We also overlay
the position angle of the polarized emission, y, rotated
by 90°, plotted using healpy’s line-integral convolution
function (Zonca et al. 2019), which represents the mea-
sured plane-of-sky magnetic field orientation that has
been integrated along the line-of-sight. In this new map
projection, we see that the Fan Region and the NPS
resemble two parallel features on the sky as we would
expect for features that are parallel to the Local Arm.
The magnetic field lines are also largely parallel to these
features.

The interpretation of these plots must be carefully
considered since we observe radiation that is a projec-
tion, integrated through the Galaxy, and which also un-
dergoes Faraday rotation as it traverses the magneto-
ionic interstellar medium. The amount of rotation is
o< A2, where X is the wavelength of observation. Thus,
radiation observed in the 1.4 GHz data will undergo
about 400 times more Faraday rotation than that ob-
served in the 30 GHz data, which should undergo negli-
gible rotation.

In Fig. 3, we show the acute difference in the polar-
ization angles, Ay, between the two data sets using:

Ax =90° —[90° — [X1.4 GHz — X30 GHzll- (5)

The magnetic field lines in the two maps are remark-
ably similar given the differences we might expect to see
at the two frequencies due to Faraday rotation. Here
the regions of bright polarized intensity show some of
the smallest differences between the angles (i.e., dark
regions in Fig. 3), which supports the idea that these
bright features are local. In addition to observation fre-
quency, the amount of Faraday rotation also depends
on the path length traversed by the photons, as well
as the electron density and line-of-sight magnetic field
strength. If the path is very long, then we have a greater
potential for Faraday rotation, and we would expect to
see larger differences between the polarization angles of
the 1.4 GHz and 30 GHz data for the more distant emis-
sion. On the other hand, for nearby emission, the path
length is short, then the amount of Faraday rotation
should be smaller, and we would expect greater agree-
ment between the two maps.

This is another way of showing that the Faraday ro-
tation towards these bright polarized regions is small,
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which has been shown by other authors (Spoelstra 1984;
Sun et al. 2015; Wolleben et al. 2021). Small FD in
the direction of the Fan Region is not unexpected since,
from both modelling and observations, we expect that
the Galactic magnetic field in this direction is domi-
nated by the plane-of-sky magnetic field (B, ), whereas
the line-of-sight field (B)) is small. The main takeaway
here is that these two regions of similarly low FD, and
high polarized intensity, have magnetic field directions
that, on the sky, appear largely parallel to each other.

Figure 6. The arrangement of filaments, constructed on
nested cylinders. The diagram is not to scale, but placement
of the filaments is correct with respect to the Sun’s position
and relative to each other. The x-, y-, and z- axes are labeled,
with x-axis directed towards [ = 0° and the y-axis towards
1 =090°.

4. MODEL

We use the Hammurabi code (Waelkens et al. 2009)
to simulate observations of the local environment around
the Sun (1 kpc). Hammurabi is a synchrotron emis-
sion and Faraday rotation modelling code that uses a
grid of 3D magnetic field, thermal electron distribu-
tion, and CRE distribution as inputs. Our grid uses
5123 elements, giving a resolution of ~ 4 pc per ele-
ment, with the Sun located at the centre, at the origin
of our coordinate system. We use a constant value for
the thermal electron and CRE densities. An enhance-
ment of CREs along a filament-like geometry would en-
hance the synchrotron emission, but it seems probable
that there would be a corresponding enhancement of
magnetic field. We assume a simple scenario where the
magnetic field has a filamentary geometry. The internal
magnetic field is aligned parallel to each filament, and
the field is zero elsewhere. We use a 3D-grid where the
z- and y-axes are in the Galactic plane, the z-axis is
perpendicular to the plane, the Sun is at the origin, and

the Galactic centre is towards positive-z (i.e., z > 0 is
towards ! = 0°, and y > 0 is towards [ = 90°, see Fig. 4).

The filaments of the NPS in the 30 GHz data are about
6° wide. At a distance of 100 pc, they would be ~ 10 pc
wide, and so initially (in Sec. 4.2) we set the width of
each filament to w = 10 pc. In Sec. 4.3 and Sec. 4.4,
we change this to w = 20 pc to compensate for the fact
that a long filament will appear narrower at a farther
distance.

4.1. Brightness

We compute the model synchrotron intensity as
(v,p) = K> Jore:BYTVPAR[K],  (6)

where for i elements along a line-of sight, v is the
observing frequency, p is the power-law index of the
electron energy spectrum, K is a normalizing constant,
Jcre is the spatially dependent CRE density, B, is the
magnetic field component in the plane of the sky, and
AR is the step size along the line-of-sight.

We assume p = 3, which has been shown to be ap-
proximately correct over much of the Galaxy across a
wide frequency range, from 408 MHz to 23 GHz (Strong
et al. 2011), and which gives I(v) oc B2. However other
authors have found a range of spectral indicies with gen-
erally less steep (i.e., smaller) values at lower frequencies
(down to p ~ 2.5) (e.g. Reich & Reich 1988; Strong et al.
2011; Dickinson et al. 2019; Planck Collaboration et al.
2016e).

Synchrotron intensity depends on the (plane-of-sky)
magnetic field strength, the CRE density, and the path
length, and by adjusting these quantities, it is possible to
model an arbitrary intensity. Here we examine whether
the proposed model can plausibly explain the observed
radio brightness of the NPS and the Fan Region.

In Fig. 1 we show that the Fan and NPS are both
enveloped by a contour with a level of 24 K for the
408 MHz total intensity data. The CRE density is very
uncertain, but previous work has used values in the
range from 0.25 < Jorg < 0.4 GeVZm2s~lsr~! (Jaffe
et al. 2010). Assuming these values for Jorg, and us-
ing a typical Galactic magnetic field strength of 6 uG,
and also assuming the width of our proposed filament is
20 pc, we find a synchrotron intensity of approximately
0.2 K to 0.3 K, which is a factor of 80-120 smaller than
we observe.

However, if these filaments are a result of multiple
supernova explosions, we expect that the gas would
be compressed, resulting in a stronger magnetic field
and increased CRE density. The theoretical compres-
sion factor in a young supernova remnant (i.e., a strong
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shock) is at least a factor of 4. For older, radiative fil-
aments the compression factor is thought to be much
higher (Reynolds 2017), and for multiple explosions the
factor could be higher yet. Using a compression fac-
tor of 4 as a lower limit, we find the magnetic field
strength is 24 4G and a CRE density of 1.0 < Jerg <
1.6 GeVZm2s~1sr—!. Thus, the resulting increase in the
synchrotron intensity is a factor of at least 64. Using
these reasonable assumptions about the magnetic field
and CRE density, we find an intensity for the model
filament of the same order of magnitude as for the ob-
servations.

At 30 GHz there are additional uncertainties that
make a comparison more difficult. For example, at
30 GHz, we measure a 0.015 mK polarized intensity
contour level as enclosing approximately the same re-
gion as the 24 K total intensity level at 408 MHz, as
shown in Fig. 1. However, the total synchrotron compo-
nent in Stokes I at 30 GHz is uncertain due to the con-
tributions from other emission mechanisms, calibration
errors in the data, and uncertainties in the fractional
contributions to this brightness from other sources (i.e.,
we do not know how much of this emission is due to
the background Galactic or extragalactic contributions).
The polarized fraction and spectral index are also both
uncertain, making an extrapolation from low to high
frequency very unreliable. We can do a rough order of
magnitude estimate: assuming a polarized fraction of
40%, we find that a spectral index of p = 2.63, gives
the measured 30 GHz polarized flux of 0.015 mK. Using
p =3, we find a 30 GHz polarized brightness that is 3-4
times smaller than the measurement.

Given the degeneracy between Jogrg and B , and the
uncertainties in these quantities, as well as p, we use the
normalized brightness for the models that we show in
the next few sections that focus on morphology.

4.2. Straight-line Filaments

For the first iteration of our model, we use regularly
spaced straight filaments and model their synchrotron
brightness. These straight-line filaments extend the en-
tire distance through a volume that measures 2000 pc on
a side, with the Sun at the centre. In each case we model
eight filaments that pass through the points (measured
in pc): (0,0,100) (directly above us), (0,0,—100) (di-
rectly below us), (100,0,0) (in the Galactic plane and
towards the Galactic centre, on the right side of the
plot as shown in Fig. 4 (left panels)), (—100,0,0) (in the
Galactic plane and away from the Galactic centre, on the
left side of the plot as shown in Fig. 4), (100, 0, 100) (top-
right), (—100,0,100) (top-left), (100,0,—100) (bottom-
right), and (—100,0, —100) (bottom-left).

We orient the filaments at a range of angles, in 10°
increments from [, = 10° to I, = 180°, where [, is the
Galactic longitude of the orientation of the filaments as
viewed from the top-down. We choose a distance of
100 pc as this is a value often quoted in the literature
as the distance to the NPS (e.g., Seaquist 1968; Puspi-
tarini & Lallement 2012; Sun et al. 2015) (at least the
distance to the nearest point, and in the non-Galactic
centre scenario, see discussion in Sec. 2.1).

Looking at the full set of models (a subset is shown in
Fig. A1), we already see broad features that resemble the
Fan Region and NPS and some of the other loops. We
pay particular attention to the models where [, = 70°,
shown in the top row of Fig. 4, since this aligns with
the Local Bubble magnetic field (see Sec. 1). A signifi-
cant observational feature of these models is that there
are two points where the filaments appear to converge,
which shifts with the orientation angle. By visual in-
spection of the data in Fig. 5 (left panel), we can see
this convergence point occurs around ! = 30°. Looking
at the models in Fig. Al, we see that an orientation of
lo. = 30° £ 10° most closely matches this convergence
point, which makes sense since in this model the ob-
server is symmetrically surrounded by filaments going
in that direction. Looking at the curvature of the NPS
for b > 30°, we find that models with [, = 40° +10° are
more consistent.

Using the morphology of the NPS as a guide, and
by inspecting the 30 GHz polarized intensity map, as
shown in Fig. 5, we see that, although the orientation of
the model synchrotron filament is an approximate match
to the position and orientation, it still differs from the
observations. We adjust the model by altering the ori-
entation of the filaments between 20° < [ < 70° in 5°
increments, and adjusting the (x,y, z) position of each
filament from 10 pc to 150 pc in increments of 10 pc.
From these we select, by eye, four line segments that cor-
respond to the approximate positions of the NPS and the
Fan Region. We also choose to include two other promi-
nent bright filaments on the sky, Loop IX and Loop
Is (see Fig. 5), following the naming convention of Vi-
dal et al. (2015), as example cases to see whether this
model can be applied more generally. We find that over-
all, an orientation towards [, = 45° is a reasonably close
match, and the chosen filaments pass through the follow-
ing positions: NPS: (20,0,60), Fan: (—100,0,5), Loop
IX: (100, 0, 150), and Loop Is: (140,0, —150). These are
shown in the bottom panel of Fig. 4.

4.3. Curved Filaments

In Sec. 4.2 we described an extremely simple model
that can reproduce structures in locations broadly corre-
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Planck 30 GHz Stokes Q

Planck 30 GHz Polarized Intensity Planck 30 GHz Stokes U

]
0. 04 -0.03 0. 03 -0.03 mK 0.03
Model Polarized Intensity 30GHz 5 = 0° Model Stokes Q 30GHz 3 = (0° Model Stokes U 30GHz 5 = 0°

001

]
0. 01 -0.01 mK 0.01
Model Polarized Intensity 30GHz 5 = 30° Model Stokes Q 30GHz 3 = 30° Model Stokes U 30GHz 5 = 30°

002 001

Figure 7. Top row: Left: 30 GHz Planck PI. A mask has been applied to show only values in locations where the model has
been computed. Centre: Masked Planck 30 GHz Stokes ). Right: Masked Planck 30 GHz Stokes U. Middle row: Left: 30 GHz
Model PI with 8 = 0°. Centre: 30 GHz Model Stokes Q with 8 = 0°. Right: 30 GHz Model Stokes Q with 8 = 0°. Bottom
row: Same as middle row, but for 8 = 30°.

]
-0.01 mK 0.01

dr (pc) | dz (pc) | w (pc) | ¢1 b2

Fan 50 5 20 310° | 340°
NPS -20 100 20 310° | 340°
Loop IX -100 140 20 310° | 340°
Loop Is -170 -120 20 310° | 340°

Table 1. Parameters used for the filaments in the preferred curved filament model, with 8 = 0°. These filaments have [, = 45°,
and ¢ = (0.72,—0.72). dr is the distance from the Sun to the filament, and dz is the distance above the Galactic mid-plane.
The uncertainty on all positional values is approximately +10 pc

sponding to the NPS, the Fan Region, and other promi-
nent loops. However, there are some important differ-
ences in that, for |b| < 30°, the modelled filaments (ex-
cluding the Fan) do not appear to curve inwards (i.e.,
towards the Galactic centre) when projected on the sky,
as seen in the data. Furthermore, we can hardly ex-
pect to find perfectly straight filaments nearly 3 kpc in
length. The structure detected by Alves et al. (2020) is
seen to be 2.7 kpc long but it shows a distinct curvature
in the zy-plane, and an even more extreme undulation
through the disk of the Galaxy.

We therefore refine our model by using four curved,
but still parallel, filaments. At several hundred parsecs

long, they are longer than the magnetized bubble fila-
ments proposed by Vidal et al. (2015), but shorter than
our straight filaments. We place these parallel, curved
line-segments on a set of concentric cylinders, as illus-
trated in Fig. 6. We created a grid of models by adjust-
ing the following parameters:

1. Iy, as defined previously, is the longitude of the
orientation of the filaments as viewed from the
top-down. In the case of curved filaments, it is
the angle of the tangent to the curve at the point
closest to the Sun.
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Figure 8. Filaments overlaid on the dust model from Lallement et al. (2018) (https://stilism.obspm.fr), which has been
integrated over the z-axis, and with labels from Lallement et al. (2014). The inset central square region shows a higher
resolution dust model derived from Gaia data (Leike & Enfllin 2019, 2021) for a smaller region, £300 pc from the Sun (marked
with a red dot). The red ticks on the NPS filament indicate the segment seen at high Galactic latitudes (b > 50°). The arrows
indicate the direction of the magnetic field. There are two filaments labeled for the Fan Region. The straight filament is at
an orientation of 60° and is coincident with the structure found by Alves et al. (2020) (and discussed in Sec. 5.2). The green
cross, labeled ¢, marks the central axis of the cylinder that is used to defined the filaments. The angle ¢ is measured from c
in a clockwise direction, with ¢ = 0° towards the top of the plot (i.e., towards [ = 90°). The green dashed lines show several
values of ¢, with corresponding points shown in Fig. 5.

2. ¢ (s, ¢y), is the centre point of the cylinder that is to the Sun is 7 = , /2 + 2. The filaments extend
used to construct the parallel curved filaments, as over a range of angles from ¢o to ¢, which are
labeled in Fig. 8. We define only one component measured from c in a clockwise direction, with ¢ =
of this centre coordinate, c,. c; is then calculated 0° towards the top of the plot (i.e., towards | =

by ¢; = —¢ytan(a). The distance from the point ¢ 90°) (sce Fig. 8).
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3. We define the relative distance to each filament,
dr, which is measured from the Sun to the fila-
ment. The distance, ¢, which is measured from
the filament to point c¢ is given by ¢, = r+dr. We
also define the height of each filament above the
Galactic plane, dz. The filaments have a width,
w.

4. We define an angle 3, that measures the incli-
nation of the magnetic field, with respect to the
Galactic plane, where B./B,, = tan(3). Here
B, is the component of the magnetic field that
is perpendicular to the plane, and B, is the total
magnetic field that is parallel to the plane. For
this curved filament model, the filaments are en-
tirely parallel to the plane and the magnetic field
is aligned with the filament, thus g = 0°.

Once again, we focus on the geometry of the NPS
when searching this parameter space. We find that for
an orientation of [, = +45°, and curving the filaments
along the arc of a circle having a centre at point, ¢, lo-
cated at r = 1.02 kpc from the Sun towards [ = 315°,
¢ = (0.72,-0.72) kpc, (see Fig. 8) an excellent corre-
spondence to the position and curvature of the NPS is
achieved (see Fig. 5). We also increase w from 10 to
20 pc, since given the length, the angular size decreases
along the length of the filament. These parameters are
summarized in Table 1.

The location of the centre point at [ = 315° is a geo-
metrical construct that allows us to define the position
of the filaments. We do not intend to imply that there
is anything particularly special or physically meaningful
about this location. However, we note that an analy-
sis by Breitschwerdt et al. (2016) finds that one of the
supernovae that likely contributed to the Local Bub-
ble must have occurred in this general direction (to-
wards [ = 327°, b = +11°). This is discussed further
in Sec. 5.2.

Although there is some degeneracy for the distance,
radius, and width of these filaments, and we are able to
achieve comparable matches to the data with different
values of ¢, we choose to keep dzyps = 100 pc, since
there are several independent observational studies that
agree on this value (see Sec. 2.1). This fixes the partic-
ular value of ¢ that we use.

We keep the other line-segments parallel to the NPS
filament by placing them on the surface of a set of
nested cylinders each having the same centre point de-
fined above (see Fig. 6). Each segment is parallel to
the Galactic plane, and located at varying distance, dz,
above or below it. The segments also have varying dis-

tance, dr, measured from the Sun to the centre of the
filament.

In Fig. 7, we show the model PI, @, and U (middle
row) computed at 30 GHz, in comparison to the Planck
30 GHz data (top row). For ease of comparison, we
mask the Planck data to show only the regions where the
model is defined. By comparing these maps, one can see
that there is good general correspondence between the
sign of Stokes @ and U for the model when compared
to the data. However, when comparing the PI maps,
there is a discrepancy where the Planck PI map has a
considerable brightness gradient along the NPS that is
not seen in the model (middle row, left column). This
is discussed further in the next section.

Fig. 8 shows the position of these filaments on the
distribution of dust in the nearby Galaxy, a distribution
based on reddening (from SDSS/APOGEE-DR14, Gaia,
and 2MASS) and parallax observations of nearby stars
from Gaia.

4.4. Tilted magnetic field

One prominent observational feature is a distinct
brightness gradient along the length of the NPS and
related loops, IX and Is, as one can see in Fig. 5. This
is not well reproduced with filaments that are strictly
parallel to the Galactic plane with an aligned magnetic
field. The brightness gradients may arise from density
variations along the filaments, but they could also result
from variations in synchrotron brightness due to varia-
tions in magnetic field orientation. If we change the
orientation of the magnetic field, by including a verti-
cal field component, B,, we can reasonably reproduce
the observed brightness gradients of the NPS (also IX
and Is). In Fig. 9, we show the brightness gradients for
a range of values of magnetic field orientation, and we
show that using B./B,, = 0.6 (i.e., inclined at ~ 30°
to the Galactic plane) for the NPS, gives a reasonable
match to the data. In the bottom row of Fig. 7, we show
the 30 GHz model PI, @, and U for § = 30°. Here we
can see visually that the brightness gradient along the
NPS for this model has a better correspondence between
model and data.

In this case, the magnetic field is then not entirely
parallel to the filament. This could be produced if the
filaments consist of a bundle of finer filaments with a
twisted or helical structure (see Fig. 3 of Bracco et al.
2019); a B, component is a natural result of a twisted
filament. The best values of B, depend on the z position
of the filament, i.e., B, > 0 for a filament above the
plane, B, < 0 for a filament below the plane and B, ~ 0
for a filament in the plane, such as the Fan Region.
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Alternatively, the filament may also be tilted with re-
spect to the Galactic plane. This is a reasonable scenario
to assume if the filaments are curved in 3D around a very
large and extended bubble.

Even though the case where 8 = 30° shows a bet-
ter correspondence for the brightness along the NPS,
we choose to discuss the § = 0° case for the remain-
der of this paper. As discussed above, the gradient may
arise from several different effects, such as a change in
filament orientation, or possibly from an increase in den-
sity along this line of sight. We note that Fig. 7 shows
that the pattern of sign changes in the Stokes @) and U
is quite similar in both cases.

4.5. Faraday Rotation

In addition to the synchrotron intensity, we add a con-
stant thermal electron density filling the volume of our
model, and calculate Faraday rotation. This has no im-
pact on the synchrotron brightness, but only on the FD.
We can compute models at a variety of frequencies, and
we include the contribution of Faraday rotation that is
internally generated within the filament.

The volume averaged thermal electron density at the
Galactic midplane is n. ~ 0.015 4 0.001 cm 3 (Ocker
et al. 2020). This value is higher in certain locations,
such as star-forming regions, with Ha being a good
tracer of thermal electron content. We examine the all-
sky Ha map of Finkbeiner (2003), and find no obvious
visible counterpart to either the NPS or the Fan Region.
There is some bright Ha from the Perseus Arm, but it
is offset to lower Galactic longitude. Thus, there is no
evidence that the NPS or the Fan Region has a higher
thermal electron content than the Galactic average, and
we assume a value of n.; = 0.015 cm ™3,

As discussed in the previous section, we assume a mag-
netic field strength of 24 uG, but note that the bulk of
this field is in the plane-of-sky, rather than along the
line-of-sight. These values give FDs of a few rad m?,
which is consistent with observations (Spoelstra 1984;
Sun et al. 2015; Wolleben et al. 2021).

In Fig. 10, we show the Faraday rotated electric field
vectors for the 408 MHz model, using the case where
B = 0°. Here we see the characteristic fan shape, which
gives the Fan Region its name, and which is consistent
with the observations of Brouw & Spoelstra (1976) (see
their Fig. 6a).

Fig. 6a of Brouw & Spoelstra (1976) also includes a
map that shows the NPS, but it is considerably more
difficult to identify and compare the NPS using that
map, so we use other data for this comparison. We
use the model Stokes @ and U to compute maps of the
model polarization angles, x, and also difference maps

between the models (M) and the data (D), Ay similar
to that described in Sec. 3:

AXl.4 GHz = 90° — |9Oo - |XM1.4 cuz — XD1i.4 GHo
Ax30 anz = 90° — |9OO - |XM30 aHz — XDso GHz

(7)

These difference maps are shown in Fig. 11. These
maps have been masked to show just the regions where
the model filaments are located. These show that there
is good agreement in the orientation of the angles be-
tween the model and the data over some portions of the
NPS, but there are other sections where the agreement
is poor. This is discussed further in the next section.

5. DISCUSSION

We present a model that is able to achieve broad
agreement with a wide variety of observational proper-
ties including the overall morphology, polarization struc-
ture (i.e., magnetic field orientation), and brightness
gradients. The agreement is particularly remarkable
given the simplicity of the model. However there are
some notable discrepancies.

In Fig. 11, there are several yellow regions, which in-
dicate large disagreement between the model and the
data. These regions are located at the ends of the fila-
ments, particularly in the case of the comparison of the
1.4 GHz model with the data, while the centre portions
seem to have good agreement. The 30 GHz data and
the 30 GHz model agree remarkably well, except for the
right-hand side of the NPS and IX filaments.

The differences in agreement we see between the low
and high frequency maps are consistent with a fore-
ground depolarization structure. In our model, this part
of the NPS is also behind the Aquila-Ser dust cloud (see
Fig. 6, and also Lallement et al. 2014), which could be
the source of electrons causing the depolarization, and
explains why the model does not agree with the data
here.

To highlight this further, Fig. 12 shows the same dif-
ference map between the 1.4 GHz and 30 GHz data
as in Fig. 3 but with the same projection and mask-
ing as in Fig. 11. Comparing Figs. 11 and 12 we see
similar regions of disagreement. This suggests that the
model, which only includes internal Faraday rotation
along the filament, is lacking the contribution of this
foreground depolarization structure, which could be a
region of increased thermal electrons, an increased line-
of-sight magnetic field component towards this direc-
tion, or both.

Still, the difference between the 30 GHz data and the
30 GHz model on the right-hand side of the NPS and IX
filaments most likely represents some intrinsic difference
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Figure 9. Polarized intensity averaged over 2-degree diameter circles at points along the length of the Fan Region for b = 1°
(left) and the NPS (right) as shown in Fig. 5. The solid black line is the 30 GHz data and the other lines are the models
having varying values of B, such that B,/B;, = tan(3). In the case of the NPS, the points are equally distributed along the
spur starting nearest to the Galactic plane. For the Fan Region, the best of these models is for a small, or no, B, component
(—10° < B < 10°), while for the NPS, the best of these models is for 8 ~ 30°. The error bars show the standard deviation
within each 2-degree circle. The bright peak in the Fan Region plot (left) around 120° < [ < 140° is due to bright polarized
features around the W3/W4/W5 superbubble region, which has been excluded from the definition of the Fan Region used in

this work (see Fig. 1 and Sec. 2.2).
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Figure 10. Line integral convolution map of the electric
field vectors from the 408 MHz model illustrating the char-
acteristic fan shape of the Fan Region.

between reality and the simple field of the model that
is tangential to the filament. It should be noted that
despite the apparently large extent on the sky of this re-
gion of disagreement, it is actually a very small fraction
of the filament itself, which is only the small tip located
entirely to the left of the left hand red hash mark shown
in Fig. 8 (i.e., ¢ <~ 312°).

5.1. Distance

Our model is able to resolve the apparent contradic-
tions in the distance to the NPS outlined in Sec. 2.1,
which suggest the high latitude portion is nearby, while
lower latitude portions are quite distant. In our model,
the brightest end (i.e., the part observed nearest to the
plane) of a long filament can be quite distant (> 300 pc).
Therefore the end that suffers the depolarization and
X-ray absorption can still be located behind the Aquila
Rift while the centre portion is still nearby (~ 100 pc)
(see Fig. 8).

The distance to the Fan Region is more difficult to
determine. Hill et al. (2017) conclude that at least 30%
of the brightest emission originates in or beyond the W4
superbubble, which is = 2 kpc away. Existing models of
the mean Galactic field (e.g., Planck Collaboration et al.
2016d) show that the field towards I ~ 135° is largely
oriented perpendicular to the line-of-sight, all the way
through to the edge of the Galaxy, which is the orien-
tation that gives maximum synchrotron intensity. Yet,
these models fall short of reproducing the total emission
in this direction. Since the Fan Region is near the plane,
we certainly must be observing a superposition of emis-
sion over a range of distances. Moreover, the 40% polar-
ization fraction in the Fan Region and the 70% maximal
polarization fraction of synchroton emission (Ginzburg
& Syrovatskii 1965) suggest that the polarized emission
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Figure 11. Left: Absolute difference between the polarization angles in the data and the model at 1.4 GHz. Right: Absolute
difference between the polarization angles in the data and the model at 30 GHz.

Difference between 1.4 GHz and 30 GHz data

|
0 Degrees 90

Figure 12. Difference in polarization angles between
1.4 GHz and 30 GHz data.

originates in 2 4/7 of the volume that produces the total
intensity emission in this direction (Bingham & Shake-
shaft 1967; Hill et al. 2017). Therefore, the source of
the polarized emission must be reasonably mixed along
the line of sight. We suggest that this proposed nearby
filament contributes a significant fraction of this total
emission. The enhancement relative to total intensity
is largely due to the field orientation perpendicular to
the line of sight. The small FD values of a few rad/m?
observed by Spoelstra (1984) and also Sun et al. (2015);
Wolleben et al. (2021) suggest that it is nearby.

5.2. Origin

These filaments must have either a compressed mag-
netic field and /or a localized enhancement of CRE den-
sity (or both) that can produce the observed synchrotron
radiation. Heiles (1998) has suggested that density en-
hancements from expanding HI shells are able to trap
and accelerate relativistic electrons. HI observations
show that the NPS has an associated HI shell (Berkhui-
jsen et al. 1970), which could thus be a source of the
CREs necessary for the observed X-rays and Gamma
rays. These may be relics of supernovae (SNe) in the

Local Bubble and/or aligned, on average, with an arm
of the Galaxy.

The mean magnetic field of spiral galaxies, including
the Milky Way, follows the large-scale spiral structure
(Beck 2015). SNR shells compress the mean field, and
are aligned with it (Gaensler 1998; West et al. 2016).
As remnants age and dissipate back into the interstel-
lar medium, relics of these shells will become elongated
along field lines, and may leave filaments aligned with
the mean field. Strong filamentary structure of a very
old (and nearby) SNR, could possibly remain in evidence
as long as ~ 10° years (e.g., McCullough et al. 2002),
though this is up to a factor of 10 longer than generally
accepted (Reynolds et al. 2012).

The Local Bubble is filled with a soft X-ray emit-
ting gas and surrounded by cold neutral gas and dust
(Pelgrims et al. 2020). Through an analysis of the to-
tal B-type stellar population in the solar neighborhood,
Fuchs et al. (2006) estimate that approximately 14—20
SNe have exploded to create the Local Bubble and con-
clude that the energy has been sufficient to create this
cavity. We speculate that we are seeing old fragments
of these SNRs, and that multiple SNe explosions could
contribute to the longevity of filaments by repeatedly
shocking an already dense region. Filaments of a possi-
bly similar nature are observed elsewhere in the Galaxy
(e.g., West et al. in prep). There are also examples of
simulations showing filamentary structures that are cre-
ated in the context of Galactic fountains and superbub-
bles formed from OB associations with many (~ 100)
SNe explosions (e.g., Melioli et al. 2008) and simula-
tions showing that multiple SNe explosions can create
superbubbles (Yadav et al. 2017).

Further, Breitschwerdt et al. (2016) find the most
recent of these SNe occurred in a direction towards
[ = 327°, b = +11°. This is close to the centre of
the concentric cylinders that we use, which is towards
[ = 315°. Based on the straight-line filaments, we con-
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strained the tangent of the arc of our filaments to be
at 45°. The case having the tangent perpendicular to
[ = 327° would have the filaments oriented at 57°.

In Fig. A1 we can see there is a range of filament
orientations spanning 30° < [, < 80°, which would be
reasonably consistent with the appearance of the Fan
Region. Thus, the orientation of the Fan Region fila-
ment could also be consistent with the orientation of the
structure found by Alves et al. (2020), which is [, =~ 60°.
In Fig. 8 we show a filament with this orientation. We
suggest that the Fan Region could be the remains of
a shock at the wall of the Local Bubble, which plowed
into the interstellar medium and triggered star forma-
tion along the boundary.

5.3. Association with a Galactic chimney or outflow

Welsh & Shelton (2009) present a model of the Local
Bubble as a local cavity with a relatively open top, i.e.,
a Galactic chimney. There are many other examples of
superbubbles in the Galaxy (e.g., Heiles 1979). We also
observe outflows and examples of superbubbles in other
galaxies such as those presented by Stein et al. (2020).

West et al. (2007) present an example of what is
thought to be a fragmenting superbubble. In this case
there are HI and also synchrotron emitting filaments
that, at least in projection, are stretching through the
centre of the bubble. These are located both near the
Galactic plane, and also at a height of ~100 pc. It seems
plausible that the filamentary structure we propose for
the Fan Region, NPS, and other loops are local examples
of such fragments in a structure that could be analogous
to the W4 chimney.

5.4. Multi-wavelength picture

This study has focused on explaining the radio obser-
vations, and the properties those data reveal. However,
a complete model must explain the full spectrum of ob-
servations. One mystery that remains is that the NPS
has associated X-ray emission, where there is no obvious
X-ray counterpart to the Fan Region. One possibility to
explain this difference is that in the open-top, chimney
picture of the Local Bubble, the Fan and NPS exist in
very different environments. The Fan Region environ-
ment is much more dense, being in the Galactic mid-
plane, and located adjacent to dense molecular clouds,
whereas the NPS, which is located across the top of the
chimney, would be a much less dense environment. In
this picture, the NPS would cool more slowly, since the
cooling rate is enhanced in higher density environments.
Thus it is possible that the Fan Region has cooled to the
point that there is no longer X-ray emission, whereas the
NPS is still hot enough to emit.

6. CONCLUSIONS

We present a simple model that, for the first time, in-
cludes both the Fan Region and the North Polar Spur
(NPS). This very simple model suggests that the NPS
and the Fan Region, along with other loops, are long
magnetized filamentary structures that surround the
top, bottom, and left side (as viewed from the North
Galactic pole) of the Local Bubble (or local cavity). We
find a particular set of parallel curved filaments with a
tangent point oriented at 45° that can reproduce the ori-
entation and morphology of the NPS, in addition to the
Fan Region, and two other prominent loops, IX and Is.
The observed brightness gradient in the NPS can be re-
produced reasonably well when the filament is tilted by
30°. The brightness distribution in the Fan Region does
not have such a gradient and is reasonably reproduced
when the filament is parallel to the plane (or tilted by a
small amount, £10°). We show that this model is con-
sistent with a large number of observational studies on
these regions.

This model has implications for developing a holistic
model of magnetic fields in galaxies. We still do not fully
understand the origin and evolution of regular magnetic
fields in galaxies and how this field is maintained. In this
picture, where long-lived filaments are elongated along
the field lines, they could be one source where electrons
are trapped, and contribute to maintaining such a reg-
ular field (Heiles 1998).

In addition, understanding the full nature of this fore-
ground structure provides us with context to understand
similar structures that are increasingly being revealed
with new observations, e.g., large filaments, superbub-
bles, and other large bubble-like structures, that are ob-
served in more distant parts of the Milky Way (e.g.,
Normandeau et al. 1996) and other galaxies (e.g., Stein
et al. 2020; Heald 2012; Boomsma et al. 2008). We as-
sume that the filaments of the NPS in the 30 GHz data
are about 20 pc wide. That same filament in the Perseus
arm, for example, would have an apparent thickness of
~ 30" and would be located within a few degrees of the
Galactic plane. Therefore, it would be superimposed on
all of the other Galactic plane emission and much more
difficult to discern. Thus, it is likely that we do not cur-
rently have the resolution and sensitivity to see this level
of structure in many locations except the local environ-
ment, and possibly in the Perseus arm. We note that,
on careful examination of the data, it is a simplification
to say that these features have a constant width of 6°.
We predict that higher resolution observations of this
region will confirm a much more complex filamentary
structure. We also predict that more sensitive obser-
vations in our and other galaxies will increasingly re-



18 WEST ET AL.

veal synchrotron filaments, particularly associated with
HI filamentary structure and associated with other HI
shells and bubbles.

Since we observe the NPS, Fan Region, and other fil-
aments superimposed on the rest of the Milky Way’s
emission, these components should be modelled to-
gether. We plan to do a follow-up study to model these
filaments in conjunction with a Galactic field model
using a much more robust parameter optimization us-
ing the Interstellar MAGnetic field INference Engine
(IMAGINE) (Haverkorn et al. 2019).
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A UNIFIED MODEL FOR THE FAN REGION AND THE NORTH POLAR SPUR

APPENDIX

A. MODELS

Fig. A1l shows a representative sample of straight-line filament models described in Sec. 4.2.
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Left column: Top-down view of a selection of straight-line filaments oriented from I, = 10° to I, = 90° in steps
of 20° shown with the corresponding simulated synchrotron emission from these filaments. Right column: same as the left but
for I, = 100° to I, = 180° in steps of 20°.
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