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Abstract. Radio continuum, microwave and gamma-ray images of the Milky Way reveal a conspicuous, loop-
like structure that fills almost half of the northern Galactic hemisphere, called Loop 1. The interior of Loop I
is the most conspicuous region shining in soft X-rays, whose eastern base is a remarkably bright, elongated
structure seeming to emerge from the Galactic plane, dubbed the North Polar Spur (NPS). After 40 years of
debates, two very diVerent, contradictory views of Loop I/NPS are still defended: on the one hand, the NPS is
a gigantic volume of expanding hot gas that envelops and extends the northern “Fermi Bubble” (FB) known
to be blown by the Galactic center, and Loop I marks the shock front; on the other hand, the NPS is totally
independent of the northern FB, it is a nearby, ordinary cavity of hot gas blown by supernovae, Loop I is its
shock front and both are coincidentally located in the direction of the FB. To an observer at the Sun, both
can produce the same perspective view, although the former has a size comparable to the Milky Way itself,
and the latter a diameter of a few hundreds parsecs. The energy involved varies by 3-4 orders of magnitude,
and the solution has important consequences on the structure and history of our Galactic neighborhood, on
the age of the North and South FBs and the activity at the Galactic center. Moreover, whatever are the actual
shape and distance of Loop I/NPS, accurate modeling of the polarized emission associated with Loop I is
important for CMB foreground removal. After a short review, I discuss recent results which have a connection
with Loop I/NPS. Some of them have been used as arguments in the two opposite ways, while for others
the connections with LoopIl/NPS have been overlooked. They involve very diVerent spacecraft, from a 12 Kg
Cubesat (HaloSat) to major space-borne observatories (HST, Gaia, and Spektr-RG). I make use of updated
3D maps of dust and a recent massive star catalog. I distinguish arguments based on geometric similarity or
dissimilarity from those derived from measurements and physical models. Considering all past and recent
constraints, it is clear that there is no entirely local or entirely distant scenario that is free from contradictions
with some of the data analyses or from improbable coincidences. I discuss a speculative scenario, partially
inspired by recent BF and Milky Way gas models, combining near and far aspects and seeming to be able to
meet the various constraints. However, new data and models are needed to bring the controversy to a close
and we can still expect new episodes of this long story.
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Galactic halo.
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2 Rosine Lallement

Figure 1. 408 MHz radio continuum (from [19], reprocessed by [40]) and Spektr-
RG/eROSITA soft X-rays (from [36]) all-sky maps revealing radio Loop 1 in the northern
hemisphere and its associated X-ray bright area, in particular the eastern low latitude part
of the latter, the NPS. The X-ray image is a composite of three bands: red(0.3-0.6 keV),
green(0.6-1.0 keV) and blue(1.0-2.3 keV). Both maps are in AitoV Galactic coordinates.
North is at top, East is left of center. The black signs in the 408 MHz map are also reported
in the ROSAT X-ray maps used in Section 5.

1. Introduction

Loop 1 is a spectacular * 70” x 50~ loop-like feature shining above the Galactic Center at radio
continuum, microwave, and more weakly gamma-ray wavelengths. Its contour delimitates a
7 1-2 keV X-ray bright area which is characterized by a strong brightness enhancement of it
eastern low latitude part, the North Polar Spur (NPS). Among the long-lasting controversies in
astrophysics, the 40-year-old debate about the physical size, the location and the origin of the
NPS/Loop I association (hereafter LNPS) is one of the most surprising. As a matter of fact, here
the scene is not the distant Universe, instead it is our Milky Way; i.e. a well-observed astrophysical
object. Moreover, the structure in debate is not a faint or minor feature, instead it is a major,
conspicuous object. Last but not least, the two debated interpretations are so radically diVerent
that it is hard to believe that they both co-existed for so long.

After an introduction to the observations and debate, a series of recent results related directly
or indirectly to the origin of the LPNS are presented, along with their implications. Although all
arguments influence the entire LNPS structure and are often interconnected, they are separated
into three categories related to the overall geometry, a fourth section devoted to inferences from
X-ray data, and finally a section on stellar and interstellar constraints on the nearby super-bubble
hypothesis. The final Section 7 contains a summary and discussion of potential solutions and
future measurements that could definitely close the debate.

1.1. First observations

Observations directly or indirectly related to LNPS could fill long chapters, and we restrict this
introduction to early multi-wavelength observations and to the main findings of the last decade.
Several presentations of Loop I and discussions about its origin have been published, see the
very deep analysis by [34] and references therein, and for a very recent discussion see [32]. Loop
I was first detected in radio as the most prominent Galactic loop, with the NPS at its bottom
([4,19,26,48]). The two structures were later found to bound the most prominent diVuse feature
of the entire sky in soft X-rays ([44]), along with a wide region in the general direction of the
Galactic center, the X-ray bulge. To illustrate the similarity between radio and soft X-rays, Figure 1
shows the 408 MHz continuum full-sky map (from [19], reprocessed by [40]) and the very recent
Specktr-RG/eROSITA composite soft X-rays (0.3-2.0 keV) full-sky image (36]). The contour drawn
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in the radio map on top of Loop I is superimposed on the ROSAT maps of [44] used in Section 5
and available numerically. Unambiguously, radio and X-rays trace the same object. Both NPS
and Loop I were also mapped from ground in polarized radio continuum ({4, 5, 7]) and later from
space in total-intensity and polarized microwave emission during missions devoted to the CMB.
More recently, a counterpart in gamma-rays was also found by [9], based on Fermi-LAT data (see
Figure 2).

After its discovery, it was hypothesized that LNPS is associated with a nearby hot gas cavity
blown by a recent supernova (SN) or a series of supernovae. According to the classical scheme,
soft X-rays are thermally emitted by million degree hot gas blown by the massive precursor
stellar winds and SN ejecta to form a large remnant cavity, while the radio signal is due to
synchrotron emission by supra-thermal electrons accelerated in external, shocked regions of
the SN remnant (SNR). Indeed, spectra slopes of radio data were found compatible with the
synchrotron mechanism. The proximity of the LNPS source was considered as inevitable. Due
to its exceptionally large angular size, maintaining a physical dimension of LNPS in a realistic
range implies a short distance, and, in addition, below Loop I are a series of hot young O, B stars
associations, in particular the Scorpius-Centaurus group at ” 130 pc, ideally located above the
Plane and a very likely source of recent supernovae. A first potentially contradicting observation
is the absence of high velocity expanding shell at the periphery of LNPS, because million degree
gas implies shock speeds on the order of tens to hundreds of km/s. This was explained by a two-
or multiple-stage formation of the X-ray emitting volume associating an initial old (few million
years) SNR episode and a recent re-heating of the blown cavity due to more recent explosions
(see Section 6). The Local Cavity surrounding the Sun (often called Local Bubble, LB) and filled
with hot, highly ionized gas is also generally believed to be a relic of similar events. An additional
argument in favor of a local origin of LNPS was also very early proposed, namely the presence
of high Galactic latitude HI filaments seeming to envelop Loop I (see, e.g., [4]). All along the
following decades, owing to increasingly detailed and sensitive gas and dust emission surveys, it
was confirmed that there are nearby concentrations of gas and dust and especially high latitude
arches in the same longitude-latitude range than the LPNS. Although no clear 3D view of their
association with the large SNR episode responsible of LNPS was established, it was implicitly
assumed that they are debris of a large shell formed around the hot gas (but see below).

In parallel, a very diVerent interpretation of the LNPS started to be defended. In an attempt
to explain the wide empty cavity (3 kpc radius) around the Central Molecular Zone (CMZ) at
the Galactic center (GC), and the surrounding expanding ring of dense interstellar matter, it was
proposed in 1977 that both were due to explosive events at the GC ([46]), and, as part of the same
model, that the propagation in the halo of the shock generated by the latest event has created
huge volumes of hot gas and accelerated particles at the shock front. In the northern hemisphere
the hot gas and the shock front are seen from the Sun vantage point as the LNPS. A series of
models were since then regularly published by Sofue and co-workers, based on all new relevant
observations, including, from 2010, those of the Fermi Bubbles (FBs) discovered at that time and
unanimously recognized as generated at the GC (see below). However, the local origin of LNPS
and a total absence of link between LNPS and the FBs remained the preferred scenario for most
astrophysicists.

1.2. The Fermi bubbles discovery

A turning point occurred at the time of the successive discoveries of (i) the so-called WMAP
haze around the Galactic center, (ii) its Fermi gamma-ray counterpart and, finally, (iii) the “Fermi
bubbles”. Shortly, after the WMAP mission devoted to the CMB mapped the entire sky in several
microwave frequency bands, [16] noticed a * 70~ wide brightness enhancement around the GC
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area. The initially proposed origin of the “haze” was dark matter annihilation, but later analyses
favored instead synchrotron emission by energetic electrons ([14]). Subsequently, [15] discovered
the gamma-ray counterpart of the haze and suggested that the same population of relativistic
electrons produces both microwave synchrotron emission and gamma rays through inverse
Compton with the interstellar radiation field. Soon after, a reanalysis of the Fermi data by [49]
revealed two large gamma-ray bubbles, extending 50~ above and below the Galactic center, with
a width of about 35~ in longitude, the spectacular Fermi bubbles (FBs). Without any doubt, such
giant volumes of highly energized gas with sizes comparable to the one of the Milky Way, are due
to bursting activity at the Galactic center.

The existence and observed geometry of the northern FB, and the fact that it appears encircled
by the LNPS (see Section 2) gave more weight to Sofue’s hypothesis, and several models were
developed to reproduce these gigantic, ” 10 kpc high structures, and study links between FBs and
LNPS ([11,42,43]). The detailed mechanisms at the origin of the FBs are currently lively debated.
A series of X-ray, radio and IR data recently confirmed the existence of powerful jet-type outflows
from the central parsecs at the GC, able to feed FB-type structures and suggesting that today’s
FBs are the result of a particularly strong activity several Myrs ago (see e.g. [10,35]).

1.3. Hlustration of the two interpretations

Today, the debate about the size of the LNPS and its potential link with GC events and FBs is
still very lively, as shown by very recent publications in favor of the two diVerent interpretations
(see below). Figure 2 schematizes the two interpretations and illustrates the strong diVerence in
size scales. According to the * 507 latitude of the northern FB top and the FB shape, its height
and maximal width reached at ” 2 kpc altitude are on the order of 8.5 and 6 kpc respectively, if
one assumes that the FBs are symmetric around the polar axes. In the GC scenario for the LNPS,
the shocked halo gas envelops the FBs and, in the north, the high latitude limit of the X-rays
corresponds to the highest latitude tangential direction to the X-ray boundary (schematized as
arc B). To illustrate the local origin of the LNPS, an image of the dust distribution in the meridian
plane within 83 kpc from the Sun along the Sun-GC axis and within 8400 pc from the Plane
towards the poles is inserted into the sketch, and a zoom on this image in the vicinity of the Sun
is added. The zoom is used to illustrate the location and shape of a hypothetical shell generated
by nearby SNRs (arc A) and viewed from the Sun within the same latitude range than the arc B in
the GC scenario.

1.4. On the link between NPS/Loop | and interstellar high-latitude dust and gas

It has been often suggested that the high latitude HI and dust filamentary features between
17 2507 and 1 ™ 60~ are connected with the LNPS, based on morphological similitude between
their location and orientation along the periphery of the X-ray emitting region, and this has
been used as an argument in favor of the local hypothesis. Gas and dust filaments would mark
the outer boundary of a shell surrounding the volume of heated gas. If proven, the existence of
such an association would definitely close the controversy and favor a local LNPS. As a matter of
fact, these high latitude dust or gas structures are all located at short distances, as demonstrated
by various works on gas absorption [37], stellar polarization (e.g., [32], and 3D extinction maps
(152], also see the b  ~ 60~ dust cloud in Figure 2 or other high latitude nearby (100-200 pc) faint
structures in Figure 7 (right)). However, the association between gas and dust on one side, and
X-ray, gamma-ray and synchrotron structures on the other side, has never been proven. A careful
look at the various maps shows that there is no close correspondency (see, e.g., [34, Figure 21])
and, as mentioned above, HI 21 cm spectra show that the gas is not expanding. None of the new
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Figure 2. Top left: Gamma-ray sky (from [8]). The FBs correspond to the double-lobed
structure centered exactly on the GC and reaching up to b ' 50-55* above and below
the plane. A fainter, wider loop similar in location to Loop | is also visible in the north,
surrounding the FB bubble and reaching b ' A 80* Top right : Soft X-ray sky measured by
e-Rosita (cyan), with the Fermi image superimposed (in red), and showing the respective
locations of the X-ray bright areas and the FBs in both hemispheres (from [36]). The
southern X-ray structure is much fainter than its northern counterpart, however, in both
hemispheres the X-ray bright regions encircle the FBs in a similar way. The northern, fainter
°ray loop is not visible in the superimposed image, however it can be seen that it would
encircle closely the X-rays. The external regions of the X-ray extended area correspond quite
closely to the radio loop shown in Figure 1.

Main gure and illustration of the two interpretations: Schematic view of the meridian
plane perpendicular to the Galactic plane and containing the Sun and the GC. The Milky
Way thin disk of dust and gas is shown as a 800 pc wide dark and light grey band extending
about 15 kpc on both sides of the GC, except for the region internal to the 3 kpc molecular
ring around the GC white band, and for the 6 kpc wide region around the Sun where we
use the dust distribution (from [52]). Assuming that the FBs are symmetric around an axis
perpendicular to the Plane, the northern FB would occupy the region within the dashed
yellow ellipse. If LNPS X-rays are associated to the FBs and surrounding them, the X-ray
emitting regions could be bounded by the dashed blue line B (see text). This corresponds to
the interpretation of NPS/Loop | as the envelop and outskirts of FB north. A zoom showing
the dust distribution within 8 3 kpc from the Sun is shown at left (dashed red-line rectangle,
from [52]). Units are parsecs, the Sun is at (0,0), the GC direction is to the right and the
north Galactic pole direction to the top. In the local interpretation of LNPS, X-ray, radio and
microwave emissions would come from a very close region seen from low to high latitudes,
whose periphery is schematized as arc A (blue dashed line in the zoom).
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sources of information discussed below involves directly the high latitude laments of gas and
dust, and we come back to them and their potential links with LNPS in the last section only.

2. The North-South asymmetry

One of the arguments against a GC origin of the LNPS is the absence of its southern counterpart.
Because the FBs are nearly symmetric around the GC, one would expect a conspicuous X-ray-
bright wide area around the southern FB, bordered by a South Polar Spur and a southern wide
radio loop, similar to LNPS in the north. In the local source hypothesis, one may instead expect
a non-symmetric prolongation to the south of X-ray and synchrotron features, if the multi-SNR
cavity extends on both sides of the Plane, or no corresponding structure at all, in the case of
a reheated SNR cavity limited to positive latitudes. Clearly, X-ray data lack a remarkable bright
X-ray area in the south and a bright spur. ROSAT [44] and Suzaku/MAXI [51] images reveal weak
soft X-ray features, however they were judged too faint to be counterparts of the LNPS and
overlooked. In the synchrotron domain, detailed WMAP and Planck measurements of di  Vuse
polarized emission revealed a large series of arches and laments, and among those the WMAP
lament XlI (see [53]) was proposed as a southern continuation of Loop | [34]. According to the
authors, the closed loop made from Loop | and lament XII could mark the tangential surface

to the wide cavity blown by nearby SNRs (see Figure 7 and Section 3 for discussion of such
a structure).

The situation has evolved very recently, with the rst soft X-ray images recorded by the
e-Rosita instrument on-board the Spektr-RG observatory [36]. The e-Rosita images in the 0.3-2.3
(resp. 0.6-1.0) keV range shown in Figure 1 (resp. Figure 2) clearly show a brightness enhancement
in the south below the GC, and, in particular, an enhanced spur on the western side, quasi sym-
metric of the eastern NPS with respect to the GC (see next section). Brightnesses are signi cantly
weaker than the north, though, especially at high negative latitudes, but the overall shape of the
X-ray bright area corresponds well to an envelope of the southern FB, as shown in the top-right
insert of Figure 2, where - 10 GeV gamma-ray are superimposed on the e-Rosita image (Figure
taken from [36]. The very weak southern boundary atb ' 80* can be seen in pale blue if one
looks carefully at this composite image.

The southern X-ray envelope and spur, although rather convincing, are remarkably fainter,
and the origin of the north-south asymmetry must be explained. Quantitative arguments were
brought by [42] who performed hydrodynamical simulations of the FBs and their interactions
with the halo, and addressed the question of north-south X-ray brightness di ~ Verence by varying
halo characteristics. The author showed that the X-ray brightness di  Verence may be explained by
20% de ciency of halo gas density in the southern hemisphere in comparison with the northern
one. According to the author, it would additionally explain why the southern FB is 5% higher
above the Plane than the northern FB: this would simply be due to the easier expansion in the less
dense gas. Note that Sarkar's model addresses the case of FB generation due to quasi-continuous
starburst at the GC and series of SNRs, while, today, the favored mechanism is accretion-fed
explosive ejection. However, in both cases the expansion in the halo is strongly dependent on the
halo density, and one may assume that his argument is also valid in the jet-like case. The result
of [42], presented by the author as con rmation of a distant origin of the LPNS, was also used in
an opposite way: arguing that there is no established reason for such a north-south di ~ Verence of
halo gas density, [32] considered the result as evidence against the distant LNPS.

We performed a search in the recent literature for measurements related to the halo density
and found some interesting results:
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(1) [17] compiled and analyzed all past measurements of interstellar HI Lyman-series
absorption with the Far Ultraviolet Spectroscopic Explorer (FUSE) and all HI Ly ®
absorption data towards extragalactic sources at latitudes jbj , 20*with the HST.
The authors derived a larger fraction of intermediate velocity (IVC) gas in the north-
ern halo. More quantitatively, they computed the sky covering fraction of IVCs
as a function of their hydrogen column density and nd that 70% of sky cover-
ing fraction is reached for Log(N(HI)= 18.7 cm 2 in the north and only Log(N(HI)
=16.7 cmi 2 in the south. For the high velocity gas (HVC) the sky coverage is about the
same, but there are more high column-density sightlines in the north.

(2) [39] compiled and analyzed absorption by the SilV ion towards AGNs using HST/COS
data and developed a model of the halo warm gas associated with the ion. The authors
found that the hot gas vertical scale heightr g is larger in the north than in the south with
ry A6.3(A1.6,i 1.5) kpc and ry A3.6(A1.0,i 0.9) kpc. If we use their results, this implies
that between 1 and 10 kpc altitude, i.e. where the FBs and the heated X-ray gas volume
are formed, the hot ionized halo gas density is signi cantly higher in the north (e.g., 25%
higher at 2kpc, and 80% higher at 5 kpc).

(3) [2]analyzed HST-COS UV absorptions in the spectra of 5 quasars whose sight-lines cross
the FBs with 30 , j bj, 20*. They found accelerating HI clouds in both hemispheres, but,
interestingly, they also noticed anomalous blue-shifted clouds at b ' 30% and interpret
these signatures as due to remnants of past out ows in front of the FBs.

(4) It is nally possible to infer some asymmetry by taking a closer look at ROSAT ultra-
soft X-rays images (0.25 keV). This easily absorbed emission is detected only towards the
halo, and in the direction of the holesin the local ISM. The emission reaches signi cantly
stronger intensities in the north, even after exclusion of the LNPS area. In the past, this
was interpreted as a sign for weaker absorption by cool gas at lower altitude, however,
today measurements show that gas and dust columns in the northern hemisphere are
similar or even higher than in the south, and this explanation in term of absorption does
not hold. Instead, a stronger emission, must be preferred, i.e., the excess ultra-soft X-ray
emission is potentially due to a higher hot gas density in the northern halo.

This series of measurements and analyses all suggest the existence of non negligible di Ver-
ences between halo characteristics in the two hemispheres, and point to a larger density in the
north, bringing support to Sarkar's explanation of the weak southern X-ray emission. Along with
the X-ray brightness decrease, the model shows that radio features are also weaker in the south
and have very di Verent shapes. As a matter of fact, expansion in a low density medium implies
lower energy transported by the shock wave and shock accelerated particles of less energy. If the
southern halo is less dense, it may potentially explain the weakness of both southern X-ray and
synchrotron emission. It remains that the rare, weak radio/micro-wave southern arcs are not well
explained yet by a model. On the other hand, and interestingly, in an asymmetric con guration
such like the one modeled by [42], the outer shock has reached a distance from the GC larger
than in the north. In one of the model results, the distance reached in the south locates it slightly
beyond the Sun circle. In other words, the outer shock may have just crossed us in the south while
the northern shock is still in front of us. This would mean that, at variance with the northern Loop
| seen in the Galactic Center hemisphere at very high latitude, the synchrotron emission gener-
ated by the southern loop may appear di Verently. We will come back to this point in the discus-
sion section.
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