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The North Polar Spur (NPS) is a large-scale structure that is clearly visible in both radio and
X-ray all-sky maps. 22 MHz to 70 GHz broadband radio observations have been used to sys-
tematically analyze the thermal/nonthermal radiations associated with the NPS. We show that
the radio emissions of NPS comprises (1) synchrotron radiation, (2) free-free radiation, and (3)
dust emission; however synchrotron radiation dominate over other emissions, especially at high
galactic-latitudes. In addition, the synchrotron spectra exhibit a power-law behavior N(y) o y~*
(s = 2.2 = 3.0), which is moderated by a turnover at v ~ 1 GHz, above which the spectral index
s decreases by one. Assuming that the turnover is due to the electrons cooled by synchrotron
emission before escaping (or advecting) from the emission region, the strength of the magnetic
field can be estimated to be B =~ 8uG if the NPS radiates from the Galactic Center (GC). However,
an unreasonably strong B =~ 114uG is required if the NPS is near a local supernova remnant
(SNR). We estimated the non-thermal energy stored in the NPS to be Ep /i, ~ 4.3 X 107 erg in the
GC scenario, whereas Ey g, ~ 4.1 X 1072 erg is difficult to explain with a single local SNR. We
also estimated the gamma-ray radiation associated with the NPS, through inverse Comptonization
(IC) of the cosmic microwave background (CMB), which peaks at 100-1000 keV with a flux of
vF, ~ 107 ergem™2s~!sr™! in the GC scenario, which may be a good candidate for detection by

future X-ray/gamma-ray observatories.
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1. Introduction

The North Polar Spur (NPS)/Loop I is a large-scale structure that is clearly visible in both radio
and X-ray all-sky maps. Loop I is a large northward radiation structure that spans ~ 120° in the sky,
and the brightest part of these regions is called the NPS. Although half a century has passed since
its discovery, two competing ideas have been actively debated to postulate its origin. One of there
is a supernova remnant (SNR) near the solar system (100 ~ 200pc) [1]. According to this scenario,
the NPS is attributed to supernova activity, and several authors have concluded that it is a collection
of gas and dust expanded by a supernova explosion and stellar wind. An alternative scenario has
been proposed, in which the NPS could be rerated to the activity in AGN and/or starburst outflows
from the Galactic Center (GC) over 10 Myr ago [2]. The recent discovery of a series of structures
from the GC, such as the Fermi Bubbles, popularized this theory. It has been suggested that the
NPS is located along the edges of these galactic structures, indicating that bubble structure and NPS
have the same origin from the galactic explosions.

Suzaku X-ray observations of the NPS are well reproduced by assuming three components
of thermal radiation: (1) A local Bubble and solar wind charge exchange, (2) thermal emission
and Galactic Halo (GH), and (3) a cosmic X-ray background [3, 4]. Although NPS analyses
have been performed at single or a few wavelengths in the radio band, broadband analysis over
multiple wavelengths has not yet been performed. In this study, we aim to clarify the NPS emission
mechanism and obtain a closer insight into its origin by combining NPS radio data over multiple
wavelength and analyzing the corresponding spectra.

2. Radio Data

We used 6 all-sky maps from 22 MHz to 2.3 GHz taken on the ground, data at 23 GHz was
obtained with the WMAP satellite, and data at 30GHz - 44GHz - 70GHz obtained with the Planck
satellite. The 23 GHz of WMAP was separated into synchrotron and free-free radiation using the
Maximum Entropy Method (MEM) analysis [5]. The all-sky maps were converted to a Mercator
diagram, then the resolution of all maps was converted to (I X b) = (1° x 1°) per pixel (180 x 360
pixels). The mean of the obtained data within a pixel was taken as the measured value, and the
standard deviation was the error at that pixel. Moreover, the Cosmic Microwave Background (CMB;
Tems = 2.7 K) was uniformly subtracted from the data. Because some of the brightness temperature
data of Planck contained negative values that were consistent with zero within uncertainties, all
negative values were set to zero. When the lower limit of the error bar was negative, the upper limit
was considered for the analysis.

3. Spectral Analysis

Spectra were produced for regions varying in galactic-longitude by 20°, and the galactic-
longitude was fixed at 30° where the NPS radiation is the brightest (Figure 1). Then, the spectral
region is taken to be 1° in both the galactic-longitude and galactic-latitude regions. As a result, NPS
emission decreases following a 8 ~ 2.6 — 3.0 (T}, < v~#) power-law up to a few GHz, regardless of
the galactic-latitude. Moreover, cut-offs were observed around 1 GHz, especially at high galactic-
latitudes. The 23 GHz data showed that the free-free emission dominated at low galactic-latitudes,
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Figure 1: Spectra of the NPS in the radio band. The figure shows typical spectra for every 20° of galactic-
latitude. Left: Haslam’s 408 MHz sky map with spectral regions. Bottom-Right: Characteristics of the NPS
radio spectrum.

and synchrotron radiation dominated at high galactic-latitudes. Free-free emission exhibited a flat
power-law @ ~ —0.1 (I,, o« v?) in the optically thin region, whereas synchrotron radiation exhibited
a significantly steeper power-law behavior with @ > —1.0. Therefore, synchrotron radiation clearly
dominates at high galactic-latitudes and up to a few GHz.

We consider the 30-70 GHz Planck data where the radiation was consistent with the thermal
radiation from dust with @ =~ 2.0 power-law. In the optically thin limit, the Spectral Energy
Distribution (SED) of the emission from a uniform population of grains is well described empirically
by a modified blackbody I,, = 7, B, (T), where 1, is the frequency-dependent dust optical depth,
and B, is the Planck function for dust at temperature. The characteristics of the NPS radio spectrum
obtained from there results are shown in the bottom-right panel of Figure 1.

4. Discussion

4.1 Spectral turnover

The origin of spectral turnover identified in the NPS spectra is discussed in terms of synchrotron
cooling. When the transport equation for electrons near the shock is expressed in the Leaky-Box
model, the solution can be expressed approximately as follows [6]

-1
Ne(y > Ymin) = Noy ™ (1+ ’ ) Xexp( Y ) (1)
York Ymax

Here, s, No, and ymin (Or ymax) denote the injection index, normalization constant, and minimum
(or maximum) electron energy. Then, yp corresponds to the energy at which the electron cooling



Probing the Origin of North Polar Spur by Broadband Radio Observation: New Insight into Future X-ray
and Gamma-ray Observations Ryoji Iwashita

time and advection time are balanced (fcoo] = fadv), resulting in an electron distribution with a
turnover whose power-law index s decreases by one. If the spectral turnover yy originates from
synchrotron cooling, the magnetic field B can be estimated by balancing the advection and cooling
time scales of electrons.

In a non-relativistic strong shock wave, the compression ratio is v,/v; = 1/4, where v,
and v, are the upstream and downstream velocities in the rest frame of the shock, respectively.
The advection time of electrons can be expressed as fagy = R/vy, = 4R /v [s], where R denotes
the thickness of the radiating area. The electron cooling time owing to synchrotron emission is
teool = E/(dE[dt) = 3ymec?/40.cUpy? ~ 5.1 x 103/ B?y [sec], where o, Up, and y denote the
Thomson cross-section, magnetic field energy density, and Lorentz factor, respectively. A typical
synchrotron frequency can be expressed as vsyne = eBy?/2nm, ~ 1.2 x 10°By? [Hz]. Using
feool = tadv 1N Yk, We obtain the following equation by combining these equations,

_ 2/3 -2/3
st.9x(vsy“) 1/3( al ) ( K ) [1G]. )

1 GHz 100km/s 1 kpc

Figure 1 shows that there is a spectral turnover at vy, ~ 1 GHz. We assumed that the NPS has a
spherical structure with an outer diameter Ry, =~ 5 kpc and an inner diameter R, ~ 3kpc (R = Rout—
Rin = 2kpc) in the GC model with 8000 pc distance to the NPS, and R ~ 2 kpc x 150/8000 = 38 pc
in the SNR model with 150 pc distance to the NPS. Using the literature value v; ~ 320km/s [3],
we obtained B ~ 8 uG in the GC model, whereas unreasonably strong B ~ 114 uG was required in
the SNR model.

4.2 Spectral Energy Distribution

The Spectral Energy Distribution (SED) analysis was performed for the synchrotron-dominated
high galactic-latitude. A region of (/,b) = (30°,60°) was used, where the spectral region is 1° in
both the galactic-longitude and galactic-latitude. Fitting was performed from 22 MHz - 23 GHz,
which is pure synchrotron emission, assuming distances to the NPS for each GC (8000 pc) and SNR
(150 pc). A leptonic model was used for the fitting [6, 7], assuming the electron distribution as in
Equation 1, and using the magnetic field obtained in Section 4.1. The fitting results under these
conditions are shown in Figure 2. The dust radiation is represented as I, = 7, B, (T) with optical
thickness 7, ~ 107% and temperature T ~ 20 K from the literature [8]. The SED of the Fermi
Bubbles is shown as reference value fitted with the one-zone leptonic model [3]. The GeV data
plots correspond to the emission of the entire bubbles’ structure. The radio data plots correspond
to the WMARP haze emission averaged over b = —20° to —30°, for |/| < 10°. The bow-tie centered
at 23 GHz K-band indicates the range of synchrotron spectral indices allowed for the WMAP haze.
The fitting parameters are listed in Table 1. Inverse Comptonization of the CMB is dominated by
high-energy radiation in the GC scenario, with a peak in the 100 - 1000 keV range and a flux of 10~°
ergs~'em~2sr~!, whose brightness is almost equal to that of the high-energy band of the Fermi
Bubble. However, the IC on the CMB is dominant in the SNR model with a peak below 10 keV and

2sr~!. This value is several orders of magnitudes lower than

flux of approximately 10~'? ergs~!'cm™
the detection limits of modern astronomical satellites [9]. More accurate fitting will be possible if

all-sky observations in gamma-rays progress in the future and NPS are discovered.
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Figure 2: SED of the NPS (I, ») = (30°,60°) in the region of 1° x 1°.

Table 1: Comparison of fitting parameters of the SED

Parameter NPS/GC NPS/SNR | Fermi Bubbles
Distance [pc] 8000 150 | 8000
B [uG] 8 114 10
AnalysisareaRadius[cm]  2.2x10%°  4.0x10"® | 1.2x10%
Qoleleccm™3y~lsr™']  40x10™* 52x107* N BV 104
Yrmin 1.0 1.0 ! 1.0
Vork 10x10°  27x10° 1+ 1.0x10°
max 20%10*  55x103 | 1.0x 10’
Index s -1.9 -19 | 2.2
U, [erg cm™3] 1L1x107"2 12x107"2 " 1.8x107"
Ug [erg cm™3] 25%x10712 52x10710 | 4.0% 10712
Pujin [erg cm™] 1.2x107"% 1.7x107'% 1 1.4x107"

4.3 NPS non-thermal Energy

In Table 1, U, and Up obtained by the fitting are the electron and magnetic field energy
densities, and Py, is the non-thermal pressure, Pp/m = (U. + Up)/3. The non-thermal energy can
be estimated by assuming the NPS volume. In the GC model, the total volume of the NPS can be
calculated as V = 4x/3 x (Rg’ut - an) ~1.2x 10 cm? using Royt = 5 kpe and Rj, =~ 3 kpc. Thus,
we estimated that the non-thermal energy of the NPS was E, i, = V X (U, + Up) = 4.3 X 10
erg. The thermal pressure of the NPS was estimated by [3] using Suzaku observations. It should
be noted that they are estimated using 8° < [ < 16°, 42° < b < 48° observation data, and obtained
Py =~ 2 x 1072 ergem™3. It was found to be in close agreement with the non-thermal energy
determined for the first time from the radio spectrum of the NPS. Therefore, this can be interpreted
naturally in the case of the GC scenario. In constant, in the SNR model, the volume of the NPS was
V ~ 7.9%10°%" cm?3, and the non-thermal energy was estimated to be £y /g, ~ 4.1X 10°? erg. Thermal
pressure was estimated to be Py, ~ 1.4 x 10~!! erg cm =3 which was approximately ten times larger

than the non-thermal pressure. Therefore, the pressure balance was found to be disturbed in the
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SNR model. In addition, the typical energy of a supernova remnant is E ~ 10°! erg, which is too
large, at least for a single SNR. Therefore, if the NPS is a local structure, it could be a massive
structure associated with a super bubble [10].

5. Conclusion

We analyzed broadband radio observations covering a range between 22 MHz and 70 GHz to
provide a systematic analysis of the thermal/non-thermal emissions associated with the NPS. Radio
emission of the NPS is composed of synchrotron, free-free, and dust emission. Up to a few GHz,
NPS emissions were found to follow a power-law distribution (7}, o« v~#), with 8 ~ 2.6 —3.0. In
addition, the cut-offs in the radio spectra were found to be approximately 1 GHz, which may indicate
that the electron cooling time and advection time are balanced if the spectral turnover is derived
from synchrotron cooling. Moreover, the magnetic field of the NPS was estimated as B ~ 8uG
and B ~ 114G in the GC and SNR models, respectively. In the SED analysis of the high galactic
latitude region of the NPS in the GC model, we estimated that gamma-ray emission associated with
the NPS, through IC of the CMB, peaked at approximately 100-1000 keV with a flux of ~ 10~
ergcm~2s~'sr~!. However, in the SNR model, IC on the CMB dominates, but with a peak below 10
keV and flux of approximately ~ 1072 ergecm™2s~'sr™!. Using the fitting results, the non-thermal
energy of the NPS was calculated to be E,,/, =~ 4.3 X 10 erg in the GC model. Moreover, it was
found that the thermal energy confirmed by [3] in the X-ray band was almost balanced by the newly
obtained non-thermal energy in the radio bands. We obtained E, /g =~ 4.1 X 10°? erg in the SNR
model, which indicates that if the NPS radiation originates from a local bubble, it could be super
bubble [10]. Future deep surveys in the MeV range may clarify the origin of NPS.
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