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Abstract. The origins of the soft diffuse X-ray background are discussed basing on re-
cent Suzaku observations. The O v and O v intensities of fourteen different fields were
determined with Suzaku with relatively small statistical and systematic errors. The O vir
and O v intensities show strong correlations: O vi emission shows an intensity floor at
~ 2 photons s™! cm™2 str~! (LU), while the high-latitude O vin emission shows a tight corre-
lation with excess of O v emission above the floor, with (O vir intensity) = 0.5 X [(O vir in-
tensity) — 2 LU], suggesting that temperatures averaged over different line-of-sight show a
narrow distribution around ~ 0.2 keV. We consider that the offset intensity of O vi arises
from the Heliospheric solar wind charge exchange, and that the excess O vir (2-7 LU) is
emission from more distant parts of the Galaxy, which may be regarded as the halo of
our Galaxy. The total bolometric luminosity of this galactic emission is estimated to be
4 x 10% erg s7!, and its characteristic temperature may be related to the virial temperature
of the Galaxy.
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Suzaku view of soft X-ray diffuse background in

B

1. Introduction

The X-ray sky below 1 keV is quite uniform
after subtracting individual sources and local
diffuse emission such as the north polar spur,
and galactic bulge (Figure 1). The emission is
often called the soft X-ray diffuse background

Send offprint requests to: K. Mitsuda

(SXDB) and is considered to arise from faint
extragalactic sources and emissions from
highly ionized ions, such as Cvi, O vi, O v,
Fe xvi, and Ne1x, in solar neighborhoods and
in our Galaxy. The extragalactic contribu-
tion, which we refer to as the Cosmic X-ray
Background (CXB) in this paper, is estimated
to be about 40 % of emission in the ROSAT
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Fig. 1. ROSAT diffuse X-ray R45 band map (Snowden et al. 1997), and the directions of fourteen fields in

this paper.

R45 band (McCammon et al. 2002), which is
approximately ~ 0.44 — 1 keV. The emission
from highly ionized ions is considered to
arise from at least three different origins;
the solar wind charge exchange (SWCX)
induced emission from the Heliosphere (Cox
1998; Cravens 2000; Lallement 2004), the
thermal emission from the hot gas in local
hot bubble (LHB) (McCammon & Sanders
1990), and emission from more distant part of
the galaxy, mostly above or beyond the bulk
of absorption in the Galactic disk. It is hard
to separated the first two emission component
from each other using emission spectra above
~ 0.4 keV. Moreover, there are accumulating
observational evidences that above ~ 0.4
keV the contribution of the LHB is small
compared to that of the Heliospheric SWCX(
e.g. Smith et al. (2007)). In this energy range,
the sum of the two emission components
are often approximated by a thin-thermal
emission of kT ~ 0.1 keV without absorp-
tion (Smith etal. 2007; Henley etal. 2007;
Galeazzi et al. 2007; Kuntz & Snowden
2008; Masui et al. 2009), although there is no
strong reason that the Heliospheric SWCX can
be apporximated by a single thermal emission.

Kuntz & Snowden (2000) called the third
component the “transabsorption” emission
(TAE) and separated it in the ROSAT all sky
map utilizing the directional dependence of
the absorption column density. They found
that the emission spectrum can be described
by a two-temperature thermal emission model
of temperatures kT ~ 0.10 and 0.25 keV.
However, because there is no constraint on
distance other than absorption, it is hard to
constrain the origins conclusively.

In this paper we review recent Suzaku
(Mitsuda et al. 2007) observations performed
according to two different strategies to con-
strain the origins of the SXDB. By virtue of the
good energy spread function of the CCD cam-
era (Koyama et al. 2007) and the high sensi-
tivity to spatially diffuse emission when com-
bined with the X-ray mirror (Serlemitsos et al.
2007), we can determined intensities of O vi
and O vim emission with small systematic er-
rors. We will find that correlations of O vn
and O v intensities determined for the four-
teen fields strongly suggest two different ori-
gins of emission (Yoshino et al. 2009). The
high resolution spectroscopy using the trans-
mission gratings onboard Chandra enables de-
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tailed study of absorption lines in bright X-
ray sources. Ovm and O vim absorption lines
of some sources are considered to arise from
highly ionized ions which are responsible for
the SXDB. We observed vicinities of LMC
X-3 from which absorption lines were de-
tected. The combined analysis of emission and
absorption spectra will constrain the density
and spatial extent simultaneously (Yao et al.
2009).

2. Spectra of fourteen fields

Fujimoto et al. (2007) reported a flare-like in-
crease of X-ray flux during the Suzaku obser-
vation of the North Ecliptic Pole in September
2005 (NEP1). The increased component of
spectrum mostly consists of emission lines
from highly ionized ions. The increase in O vt
intensity was ~ 5photons s™! em=2 str™! (LU).
Thus is comparable or even larger than the
O v Intensity in the SXDB. Such short (< 1
day) term time variation is most likely from
interaction with highly ionized ions and neu-
trals in Earth’s geocorona (e.g. Cravens et al.
(2001)). The flare in the Suzaku NEP1 obser-
vation was clearly visible in the light curve
of 256 s time bins. However, in most cases
time variations are not visible with in light
curves because of insufficient photon statis-
tics. The contamination is sometimes still sig-
nificant when the spectrum is integrated for a
few 10 ks or more. An example is shown in
Figure 2.

In order to to find the contamination, we
sorted the data according to two parameters,
the solar-wind proton flux at the Earth and
the the Earth-center to magnetopause (ETM)
distance, where the magnetopause is defined
as the lowest position along the sight line of
Suzaku where geomagnetic field is open to in-
terplanetary space. Since Suzaku is in a low
earth orbit of an about 570 km altitude, it
always looks at the sky through the magne-
topause. Solar-wind ions may penetrate down
to the ETM distance and the density of neutral
proton in the geocorona is higher with lower
ETM distance. Thus the probability of a con-
tamination in Suzaku spectra by the SWCX
from the geocorona increases if the shortest

Earth-center to magnetopause (ETM) distance
is $ 5 Rg (Fujimoto et al. 2007). When we
find more than 2 o difference in the Ovn
intensity among the subset of data with dif-
ferent proton flux or the ETM distance, we
discard the high O vn flux subset. Please see
Yoshino et al. (2009) for more details of the
procedure.

2.1. Correlation between O VIl and OVIII
intensities and two different origins

In Figure 3, we plot the derived O vi emission
intensity of the fourteen fields as a function
of the O vu intensity. In the figure we notice
two remarkable characteristics. First, there is a
floor in the O v intensity at ~ 2 LU. Second,
all the data points except for three approxi-
mately follow the relation (O vmr intensity) =
0.5 x [ (Ovn intensity) - 2 LU]. Threre are
five fields are on the O v intensity floor. Three
of them, Midplane 235 (denoted as MP235 in
Figure 3), (£,b) = (235.0,0.0)), Low lattitude
97+10 (LL10, (96.6, 10.4)), and MBM-12 on
cloud (M12o0n, (159.2,-34.5) ), have a large ab-
sorption column densities of (3—9)x 10*'em™2.
Masui et al. (2009) proposed that the O vin
emission line of the midplane field, MP235,
is associated with a ~ 0.8 keV component
that may arise from faint young dM stars in
the Galactic disk. Another low-attitude field at
b = 10°, LL10, is also considered to contain
emission of similar origin. Such high tempera-
ture emission produces little O vi. Assuming
the midplane space-averaged neutral density
(Ferriere 2001), the absorption length of O vt
emission is estimated to be 300 pc for MP235.
The total Galactic absorption column density
of LL10 (|b] = 10°) is 2.7 x 10*'cm™2, through
which only 10 % of O vn photons can pene-
trate. The M12on field is towards the molecular
cloud MBM-12. O vii emission must arise from
the near side of the MBM-12 molecular cloud
whose distance is 60 - 300 pc. These indicate
that the floor component is local” emission,
i.e. the emission must arise with in ~ 300 pc
from the Earth.

A part of emission in the ROSAT R12 band
(0.15-0.28 keV) is considered to arise from
the LHB, because it shows anti-correlations
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Fig. 2. Energy spectra of High Latitude B (HL-B) for the time intervals with solar wind proton flux higher

(filled squares) or lower (open squares) than 4 x 10% protons s

-1 cm™2. The vertical error bars are the 1 — o

statistical errors. The non X-ray background was subtracted. There are large (> 3 o) discrepancies between
the O vir emission (~ 0.56 keV) intensities of two spectra, which indicates significant geocoronal SWCX

contamination in the higher proton-flux data.

with the Ny of the direction, which is in-
terpreted by the displacement model. On the
other hand, recent observational results indi-
cates that the LHB contribute to the emission
in the ROSAT R45 band only a little ($1/20,
see discussion in Smith et al. (2007)). During
solar minimum, the solar wind has a rather
simple structure, with the slow wind confined
to low ecliptic latitudes (|E},|S20°). However
the spatially non-uniform distribution of neu-
tral H and He around the Sun leads to a com-
plex pattern of Heliospheric SWCX emissiv-
ity. Moreover, the observed SWCX emission
intensity is also a function of the observer’s
particular viewing geometry, as noted for ex-
ample by Lallement (2004) and Robertson &
Cravens (2003). According to the simulation
by Koutroumpa et al. (2006), near the solar
minimum, the amplitude of the spatial intensity
variation of O vr intensity is within the sys-
tematic errors of the O vi intensity due to un-
certainty in the removal of Geocoronal SWCX

(~ 1.5 LU, see Yoshinoetal. (2009)) for
|E14|220°. The average intensity is ~ 1.5 LU.
The twelve fields are happen to be in |E},|>38°.
Thus the floor intensity is consistent with the
Heliospheric SWCX.

The linear component is likely to arise
from more distant part of our Galaxy. It is re-
markable that the field with (86.0, -20.8) con-
tains significant linear component (6.4 - 2 =
4.4 LU), even though the low Galactic latitude.
The absorption column density of this direc-
tion, 7.2x 10?° cm™2, is about quarter of that of
the field on the floor, LL10 and the transmis-
sion of the O v emission is about 54 %. This
suggests that a large fraction of the linear com-
ponent arises from beyond the bulk of Galactic
absorption, although the possibility that the
difference between LL10 and LL21 is mainly
due to spatial fluctuation of the emission mea-
sure cannot be ruled out. We thus consider
that the linear component is associated with
the TAE component, which may be regarded
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Fig. 3. Relation between O vir and O v surface brightnesses for the 14 sky fields observed with Suzaku.
The horizontal and vertical bars of data points show the 1 o errors of the estimation. The contribution of
O v K;; emission in the Gaussian function for O vin K,, is subtracted. The diagonal lines show the relation
between O vir and O v, assuming an offset O vir emission of 2.1 LU and emission from a hot plasma of
the temperature and the absorption column density shown in the figure. The Galactic absorption column
density of the observation fields are indicated by the maker size of the data points. The short names of five
data points on the intensity floor of O vii emission are also shown.

as emission from the halo of our Galaxy. This
component emits O vir and O vin with an in-
tensity ratio of about 2 to 1 and shows field-
to-field variations of ~ 0 to ~ 7 LU in Ovn
intensity.

The lines in Figure 3 show Ovm - O v
intensity relations for different temperatures
and absorption column densities. We have as-
sumed 2.1 LU as the O vu floor intensity, us-
ing the value for the midplane field (MP235).
The lines suggest that the average temperatures
along each line of sight of the plasmas emit-
ting the O vt emission and the O vir emission
above the floor are in a relatively narrow range
of kT ~ 0.19 to 0.23 keV if they are arising
from collisionally equilibrium plasma in spite
of the large O v intensity variations (~ 0 to
~7LU).

3. Spatial distribution and the origin
of the TAE component

An emission intensity of a line is propor-
tional to the emission measure which is pro-
portional to nizonL, while an equivalent width
of an absorption line is proportional to the
column density, njo,L. Thus it is possible to
constrain nj,, and L independently if we ob-
serve an absorption line and an emission line
from a same ion of a same plasma. Yao et al.
(2009) reported a combined analysis of absorp-
tion spectra of LMC X-3, the X-ray binary in
the LMC, observed with Chandra and emis-
sion spectra vicinity of (~ 30") LMC X-3 ob-
tained with Suzaku. Hagiharar et al. (2009) re-
cently reported results of similar analysis for
PKS 2155-304.

Yao et al. (2009) constructed a thick hot
disk model extending above the Galactic disk
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Fig. 4. The emission measure of the TAE component multiplied by sin || as a function of |b]|.

in order to simultaneously explain the absorp-
tion and emission lines. They assumed den-
sity and temperature distributions exponen-
tially decreasing in the direction perpendicu-
lar to the Galactic disk. They obtained as the
best-fit parameters the scale heights of hré =
1.4(0.2,5.2) kpc and h,¢é = 2.8(1.0,6.4) kpc
for temperature and density respectively, and
the midplane gas temperature and H ion den-
sity of Ty = 3.6(2.9,4.7) x 10° K and ny =
1.4(0.3,3.4) x 1073cm™, where & is the fill-
ing factor of the hot gas. The emission-measure
weighted average temperature along a line of
sight is To/(1 + hy/(2ht)) ~ 0.16 keV. This
is lower than the best-fit temperatures of the
TAE component, although the discrepancy is
not very large taking the the errors in 7y and
h,/ht into account.

For a plane-parallel configuration, we ex-
pect the intensity of the emission to increase
from high to low latitude as o sin~! |b|,with
a rapid decrease at low latitudes, b < 10°,
due to Galactic absorption with a much smaller
scale height than the emission. In Figure 4,
instead of O vm emission intensity, we show
the emission measure of the TAE component
obtained from the spectral fits multiplied by

sin |b| (EM sin |b|). EM sin |b| shows a tendency
to decrease with increasing |b| and at the same
time a direction-to-direction fluctuation. This
may suggest that the hot gas is more extended
in outer rim of the Galaxy and that the hot gas
is patchy and consists of number of blobs.

Yaoetal. (2009) concluded that the
plasma responsible for the Ovn and O v
absorption and emission towards LMC X-3
cannot be isothermal. However, the tempera-
tures averaged over line of sight for various
directions determined by O vm to O v ratio
was remarkably constant (Figure 3). The
radiative cooling time of the hot gas is 3 Gy,
thus the hot gas needs be supplied at least on
this time scale. A possible origin of the hot
gas is supernovae. In fact both the total mass
and the total thermal energy of the hot plasma
can be supplied at a supernova rate of 1072 y~!
within the radiative cooling time.

However, there is no particular reason why
the gas should prefer kT 0.2 keV. The
spectra of the halo emission of nearby star-
forming galaxies and of some of normal galax-
ies are described by two-temperature mod-
els with kT’s in the range of 0.1 to 0.8 keV
(Strickland et al. 2004; Tiillman et al. 2006;
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Fig. 5. Observed ROSAT R45 band counting rate v.s. counting rate expected from Suzaku best-fit model
functions. Points with open boxes are from regions in the ROSAT survey which are possibly contaminated
by the geocoronal SWCX or scattering of solar X-ray. The vertical error bars are the 1 o statistical errors
of the ROSAT observation. The horizontal error bars are 1 o statistical errors estimated from the spectral
model fits of Suzaku data. The diagonal solid line shows the predicted relation corrected for the difference

in point source removal levels of two missions.

Yamasaki et al. 2009). Thus we consider that
kT = 0.2 keV is specific for our Galaxy. Then
it is likely related to the virial temperature
(kT = 0.2 keV) for the rotation velocity of
200 km s7! (e.g. Keres et al. (2005)). A pos-
sible scenario may be that higher temperature
gas has escaped from the potential and that the
gas at the temperature near the virial tempera-
ture remains, since the escape time scale is by a
factor of five shorter than the radiative cooling
time scale.

We estimate the parameters of hot gas by
assuming an isotropic temperature of kT =
0.222 keV for simplicity. The total luminosity
of the emission is estimated from the average
value of EM sin|b|, assuming a plane parallel
density distribution as

L = 87*A(T)EM sin |b|R?,

where A(T') and R are, respectively, the emis-
sivity per emission measure at a temperature 7,
and the outer cylindrical radius of the emission
region. Using the values of A(T") for bolomet-
ric flux (Sutherland & Dopita 1993) and 0.3-
2 keV band (APEC), we obtain, Ly, = 3.8 X
10 erg s7! and Lo3_gey = 1.1 X 103 erg s7!
for EMsin|b| = 3.6 x 10" cm™ str™! and
R = 15 kpc. The midplane density and the
total mass of the hot gas, My, can be esti-
mated by further assuming the scale height.
no = 1.3 %1073 cm™ and My = 6.5 x 10’ M,
with h¢ = 1.4kpc.

4. DISCUSSION

Matteo GUAINAZZI: Have you compared
the floor component of the SWCX with mea-
surements by XMM-Newton?
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There are several papers in which the
Ovn and Ovn intensities obtained with
Suzaku were compared with those of XMM-
Newton or Chandra (Koutroumpa et al. 2007,
Henley & Shelton 2008). The results are gen-
erally consistent with a view that the Suzaku
intensities are lower than XMM-Newton and
Chandra, which is interpreted to be due to
difference in solar wind activity. However,
as shown in Figure 5, the ROSAT R45-
band intensities estimated from Suzaku best-
fit spectral parameters are consistent with the
ROSAT All Sky Survey intensities even though
RASS observations were performed during so-
lar maximum. I consider that we need to care-
fully examine the contribution of short-term (<
1days) variable contribution in XMM-Newton
and Chandra as we did for Suzaku before we
compare the intensities obtained from the three
missions.
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