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The plasma shock age, 𝑡, or the time elapsed after the shock front passed through
the plasma, is estimated to be on the order of a few Myr for the NPS/Loop I; this
places a strict lower limit to the age of the whole NPS/Loop I structure. We observe
that NEI result in significantly higher temperature and lower emission measure than
those currently derived under CIE assumption. Whereas the electron temperature
is uniform at 𝑘𝑇 ∼0.6 keV in the high-latitude NPS/Loop I region, about twice the
temperature that is estimated in the state of CIE, the temperature changes from 0.3
keV to 0.6 keV in the low-latitude region. We discuss the implication of introducing
NEI for the research in plasma states in astrophysical phenomena.
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Fermi bubbles are giant gamma-ray structures toward the Galactic center (GC) with a symmetrical
north–south extension perpendicular to the galactic plane. Such giant structures toward the GC are
also observed at various wavelengths from radio to X-rays, such as WMAP haze, North Polar Spur
(NPS), and most recently, eROSITA bubbles. We investigated the detailed plasma condition of the
NPS/Loop I around Fermi bubble using archival 𝑆𝑢𝑧𝑎𝑘𝑢 data. In the previous study, collisional
ionization equilibrium (CIE) was assumed for the plasma state. However, we also assumed non-
equilibrium ionization (NEI) to check the plasma condition in more detail. We found that most of
the plasma in the NPS/Loop I favors the state of NEI that is characterized by the density-weighted
ionization timescale of 𝑛𝑒𝑡 ∼ 1011−12 s cm−3, and the electron number density 𝑛𝑒 ∼ a few × 10−3

cm−3.
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1. Introduction

Large structures were observed in the direction of the galactic center (GC) at various wave-
lengths. An excess was observed in microwaves called WMAP[1], which was recently confirmed
to exist on the Plank satellite[2]. The Fermi bubble observed in gamma rays also have a structure
symmetrical to that of the galactic plane[3]. In contrast, the North Polar Spur (NPS) was dis-
covered by the ROSAT all-sky survey (RASS) in X-rays to the northeast of the GC[4]. Multiple
loop structures have been identified by X-ray and radio [5, 6], with the particularly bright and
large northern structure being Loop I. These X-ray structures were remarkable only on the north
side and asymmetric north–south when discovered, but the eROSITA satellite has discovered the
north–south symmetric eROSITA bubble[7] in X-rays.

Although multi-wavelength observations have revealed large-scale structures in the GC direc-
tion, such as NPS/Loop I, the origin of these structures is still under debate. These structures were
thought to be nearby supernova remnants (SNR) that recently appeared because of the observation
of polarization and the north–south asymmetry of the structure when they were first discovered in
radio waves and X-rays[5, 8]. However, after the discovery of the Fermi bubble, a north–south
symmetric structure, the hypothesis that these structures are outflows from the GC a few Myr ago,
came into the spotlight[9–11]. The eROSITA bubble, a recently discovered north-south symmetric
structure, also supports this hypothesis.

Previous studies using X-ray spectral analysis assuming ionized equilibrium plasma have shown
that the NPS/Loop I structure is hotter, with 𝑘𝑇 ∼ 0.3keV [12–14], than the temperature of a typical
Galactic halo (GH), with 𝑘𝑇 ∼ 0.2 keV [15]. In the scenario of GC production, these structures
might have been produced over 10 Myr ago as a result of shock waves with velocity 𝑣𝑠ℎ ∼ 300km s−1

[16], stirring up the interstellar medium (ISM). It is not sure, however, for the plasma in NPS/Loop I
to actually reach ionization equilibrium. Indeed, after a supernova explosion, ionization temperature
𝑇𝑧 of the plasma takes a long time to catch up with electrons temperature𝑇𝑒 and protons temperature
𝑇𝑝, when analyzing SNR, the state of non-equilibrium ionization plasma (NEI) is assumed. In this
study, we revisited the archival data of 𝑆𝑢𝑧𝑎𝑘𝑢 under the assumption of the NEI state of the plasma
as in SNR to investigate the origin of the large structure toward GC such as the NPS/Loop I.

2. Observation and Analysis

We used archived 𝑆𝑢𝑧𝑎𝑘𝑢 X-ray Imaging Spectrometer (XIS) [17] data for our analysis. XIS is
an X-ray CCD camera that covers an energy range of 0.2− 12 keV characterized by its good energy
resolution at low energy and low background; this is appropriate for diffuse gas analysis such as this
study. The 𝑆𝑢𝑧𝑎𝑘𝑢 satellite has four XISs: XIS0, 2, and 3 are front-illuminated (FI), and XIS1 is
back-illuminated (BI). However, XIS2 was damaged in November 2006; therefore, data from three
XISs were used in this analysis.

We analyzed 20 regions of bright emission in RASS as measured in the 0.75 keV (R34) band
around the NPS/Loop I structure. Specifically, the brightest region NPS at low galactic latitude by
Miller et al. [18], the eight regions N1-N8 across the Fermi bubble edge by Kataoka et al. [12], and
slightly fainter emission ON8–16 and OFF4, 7 at high galactic latitude by Akita et al. [13]. The
analysis regions are plotted in 0.75 keV image of RASS, as shown in Figure 1.
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Figure 1: Observation region of the 𝑆𝑢𝑧𝑎𝑘𝑢 XIS archival data shown on the 𝑅𝑂𝑆𝐴𝑇 all–sky image of 0.75
keV. Yellow dashed line indicates the edge of the Fermi bubble [3], green dashed line indicates the edge of
the eROSITA bubble, and white circle indicates the 17.8 arcmin field of view of the 𝑆𝑢𝑧𝑎𝑘𝑢 XIS. The color
bar is at the bottom of the figure, and the unit is 106counts s−1.

We used HEASOFT version 6.27, XSPEC version 12.11.0, xronos version 6.0, and the calibration
data set CALDB released on October 10 to perform data reduction for this analysis. We first used
xselect to combine the screened data of each XIS0, 1 and 3 from 3 × 3 and 5 × 5, which are
different observation modes. We then applied these criteria to the data using xselect based on the
mkf file to perform data reduction: (1) remove data at the time of passing South Atlantic Anomaly
(SAA) and 436 seconds later, as well as data for times when the solar wind proton flux is greater
than 4.0 × 108cm−2 s−1 to mitigate the effect of solar wind charge exchange (SWCX) [15]; (2) use
data with the rim of the earth (ELV) greater than 20◦ in the daytime and 5◦ in the night; (3) select
data with cutoff rigidity (COR) greater than 6 GeV; and (4) remove data where the satellite pointing
angle deviates more than 1.5 arcsec from the average. Furthermore, calibration sources, hot pixel,
and flickering pixel were removed. To complete the image preparation, count rate correction was
performed using xisexpmapgen [19], non-X-ray background (NXB) creation using xisnxbgen
[20], and vignetting correction using xissim [19].

Before preparing the spectra, we removed the pointing sources detected by XIMAGE with a
significance of more than 3𝜎 because we wanted to analyze diffuse plasma of the NPS/Loop I in
this study. We also created redistribution matrix files (RMFs) and auxillary response files (ARFs)
assuming uniform radiation from a circle of radius 20 arcmin using xisrmfgen and xissimarfgen
[19].

3. Results

We performed a spectral analysis for 0.6–7.0 keV of XIS0 and 3 (FI) and 0.4-5.0 keV of
XIS1 (BI) using XSPEC. Based on previous studies [12, 13, 15], fitting was performed assuming
that the plasma contained three components; (1) unabsorbed thermal emission of local hot bubble
(LHB) and SWCX using the apecmodel with the plasma temperature and metal abundance fixed at
𝑘𝑇 = 0.1 keV and 𝑍 = 𝑍⊙, respectively, (2) absorbed thermal emission of GH and NPS/Loop I with
the metal abundance fixed at 𝑍 = 0.2𝑍⊙, and (3) absorbed non-thermal emission of cosmic X-ray
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background (CXB) represented by single power law with the photon index fixed at Γ = 1.41. The
neutral absorption column density 𝑁𝐻,𝐺𝑎𝑙 was fixed at the full Galactic column value [21], and all
of the normalization was set to free. Notably, for GH and NPS/Loop I plasma, previous studies only
used the apecmodel assuming CIE, with statistically enough fitting results. However, in this study,
we want to investigate the degree of NEI; therefore, we use both the apec model assuming CIE
and the nei model assuming NEI. The nei model includes a parameter compared with the apec
model called density-weighted timescale 𝑛𝑒𝑡, that is the product of electron density 𝑛𝑒 and shock
age 𝑡 and characterizes the degree of ionization equilibrium. If the density-weighted timescale is
greater than 𝑛𝑒𝑡 ∼ 1012s cm−3, it is considered a CIE plasma [22].

Figure 2: Comparison of results of spectral fitting toward NPS/Loop I region in the apec (CIE) and nei
(NEI) models. In the horizontal axis, the angular distance from the northern edge of the eROSITA bubble
that we defined (see, green dashed line in Fig.1) is plotted with the GC direction as positive.
(a) EM of the LHB/SWCX. (b) EM of the GH. (c) Electron temperature of the GH. (d) Density-weighted
timescale of the GH.

The fitting results are shown in Fig.2. The emission measure (EM) was calculated using
Eq.(1) of Stawarz et al. [23]. Furthermore, the temperature estimated by this fitting is the electron
temperature. The NSP/Loop I component has different results for the assumption between the apec
and nei model, whereas the LHB/SWCX component has almost the same results. For the plasma
of the NPS/Loop I component, the NEI state is assumed to have higher temperatures and lower EM
than those of the CIE state. Indeed, plasma temperature is 𝑘𝑇 ∼ 0.3 keV in the CIE state, whereas
it is ∼ 0.6 keV assuming the NEI sate. The density-weighted timescale 𝑛𝑒𝑡 is also ∼ 1011s cm−3,
suggesting that these plasma are in the NEI state close to the CIE. In particular, the aligned region
of N1–N8, plotted in Fig.2 as low-latitude, shows gradually hotter, fainter emission and NEI as it
comes closer to the GC. As the EM which is proportional to 𝑛𝑒 decreases, the density-weighted
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timescale 𝑛𝑒𝑡 also decreases, thus the plasma becomes non-equilibrium.
As the reduced chi-squared 𝜒2/dof of the fitting results is ∼ 1 for both the apecmodel and the

nei model, the fitting is statistically appropriate, but the nei model does slightly better fitting. To
confirm the advantage of the nei model, we performed the 𝐹-test, and in most regions, the P-value
is less than 0.05; hence, the null hypothesis that the observation data are consistent with the fitting
model when considering the 95% confidence interval, can be rejected. However, the apec model
cannot be completely rejected from this result. The apec model can be regarded as the nei model
where the density-weighted timescale is fixed at 𝑛𝑒𝑡 ∼ 1012−13s cm−3.

4. Discussion

The electron density 𝑛𝑒 can be calculated by assuming the scale length of the observed object
and Eq.(1) of Stawarz et al. [23]. If the NPS/Loop I is assumed to be outflow near the GC at 8 kpc
from the sun, the scale length is about 2 kpc, and the electron density is 𝑛𝑒 = (2−5)×10−3cm−3 when
calculated using the fitting results. This result is consistent with the 𝑛𝑒 ∼ 3 × 10−3cm−3 obtained
in Kataoka et al. [12]. The explosion energy can be calculated as 𝐸 ≃ 𝑛𝑔 × 𝑘𝑇 × 𝑉 ∼ 1054−55erg,
where 𝑛𝑔 denotes the gas density and 𝑛𝑔 ∼ 𝑛𝑒, and𝑉 denotes the total volume of the compressed gas
number density, and the shock age, which represent the time elapsed since the shock wave passed,
obtained from the density-weighted timescale 𝑛𝑒𝑡 and electron density 𝑛𝑒 is few Myr. This result is
consistent with the outburst that occurred 10 Myr ago in GC [9, 10]. Alternatively, if the NPS/Loop
I is the structure associated with nearby SNR at 100 pc from the sun, the scale length is about 50
pc, the electron density is 𝑛𝑒 ∼ 2 × 10−2cm−3, explosion energy is 𝐸 ∼ 1052erg, and shock age is
300 kyr according to the calculation using fitting results. This result is unnatural because the shock
age is much longer than the typical SNR age. Therefore, we consider the NPS/Loop I structure to
be outburst in GC.

When an explosion occurs in space, the shock wave generated by the explosion continues
to heat the ISM. As the ISM is heated, the proton is hotter than the electron because of the
𝑚𝑝/𝑚𝑒 ≃ 1836, where 𝑚𝑝 and 𝑚𝑒 denotes the masses of proton and electron, and the proton and
electron temperatures become non-equilibrium. Both the proton and electron follow a Maxwell
distribution with self-collision. Then the proton transfers kinetic energy to the electron and reaches
equilibrium in 𝑡𝑒𝑝 ∼ 1Myr when the electron density is 𝑛𝑒 = 3 × 10−3cm−3 and the electron
temperature is 𝑘𝑇𝑒 = 0.3 keV [24]. However, it takes 𝑡𝐶𝐼𝐸 ∼ 10Myr for the ionization temperature
of the plasma to reach equilibrium with the temperature of the electrons and protons (CIE), because
density-weighted timescale need to be 𝑛𝑒𝑡 ≥ 1012s cm−3.

However, since the analysis region in this study is sparse, a denser analysis using eROSITA and
other data will provide new insights into large structure in the GC direction, such as the NPS/Loop
I structure.
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