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Fig. 3. Abundance patterns of O/Fe, Ne/Fe, Mg/Fe and Si/Fe obtained from spectral analysis in the superwind
region (magenta), the disk region (cyan) and the halo region (orange), respectively. Blue, green and red lines show
expected products by type I supernova (Iwamoto et al. 1999), solar abundance tabulated in Anders & Grevesse
(1989) as an example of solar abundance tables and type II supernova (Nomoto et al. 2006).

Fig. 4. Spectrum obtained in the offset region fitted with the typical X-ray background emission model, i.e.,
apecSWCX+LHB (cyan) + phabsGalactic × (apecMWH (blue) + power-lawCXB (orange)). Three components correspond
to SWCX+LHB, MWH and CXB, respectively. For simplicity, the best fit model is shown for only the XIS1 detec-
tor. For spectra of the XIS1 and XIS3 detectors, the constant factor is multiplied to consider the systematic error in
different sensors.
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Fig. 7. Abundance patterns for starburst galaxies of NGC 4631 (magenta), NGC 3079 (purple), NGC253 (cyan) and
M82 (orange), respectively. Cross and rectangle marks indicate the disk region and the halo region, respectively.
For NGC 3079, we referred to abundance patterns of the central 0.5′ circle and the 1′-2′ ring region in Konami et al.
(2012) as the disk and halo regions, respectively.

4.3. Dynamics of hot interstellar gas

In §3.3, surface brightness and hardness ratio profiles in the SB region were obtained. In order
to examine dynamics of hot interstellar gas, we extracted information on the density and temperature
in the disk and the halo of NGC 253 from the profiles. Firstly, we derived the temperature profile from
the hardness ratio profile as shown in Figure 8 top. The hardness ratio is converted to the temperature
assuming a thin thermal plasma model (vapec in the XSPEC software) multiplied by the absorption
column density of 5×1020 cm−2 convolved with the S uzaku response matrix. Metal abundances are
fixed to the best fit values in the best fit model as shown in Table 3. The temperature in the halo of
the SB region is about 0.3 keV which is consistent with the obtained by the one-temperature model
of spectral analysis in the halo region as indicated in Table 3. The temperature ranges from 0.2 keV
to 0.6 keV. These temperatures are also consistent with the obtained by the two-temperature model
in spectral analysis which reflect typical temperatures with differential emission measure in the disk
region and the halo region. Thus, it is indicated that the resultant temperature profile traces the typical
temperature of the ISM under the assumption of the one-temperature model.

Next, information on the density was extracted. The surface brightness can be expressed by
Λ(T ) nenHV ∼ Λ(T ) nH

2V , where Λ(T ), ne, nH and V indicate emissivity, electron and hydrogen
densities and volume, respectively. To calculate the volume we need the length of the hot gas in line-
of-sight direction. Since we do not know the actual size, here we simply assume that the line-of-sight
length is the same in the extracted SB region. In this case, the surface brightness of each projected
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Fig. 8. Top: temperature profile obtained from the hardness ratio profile in the SB region assuming the simplest
model of the absorbed thin thermal plasma with the column density of 5×1020 cm−2. Hardness ratio vs the surface
brightness at the energy range between 0.4 and 0.8 keV in the NW disk (bottom left) and the SE disk (bottom right).
Cross and diamond marks show results in the disk and the halo, respectively. As reference values, polytropic indices
of 6/3 (dash), 5/3 (dot-dash) and 4/3 (dot) and the best fir curves (solid) between density and temperature are also
plotted together. The normalization of each curve is arbitrarily determined.

effect work even in the halo region. Note that the extracted regions are not identical. The density
profile was represented empirically with the double exponential model as shown in Figure 9 upper
right. We adopted this double exponential model as an input density profile to calculate the radiative
cooling. We utilized cooling rate described in Sutherland & Dopita (1993) assuming CIE with the
abundance ratio of [Fe/H] = -0.5 considering our spectral analysis (see Table 3). We interpolated
emissivity between discrete values assuming linearity. Then, the temperature gradient in the halo
of the SB region was calculated to be (0.3±1.6)×10−2 [keV / kpc] + 0.32±0.09 [keV]. To extract the
lower limit of the velocity of hot interstellar gas, we adopted the slope of -1.3×10−2 [keV / kpc] as a 90
% lower limit and 0.40 keV as a starting point. A comparison between the observed and the expected
temperature profiles is shown in Figure 10. We also plotted the observed lowest temperature gradient
within 90 % confidence level. Thus, it is suggested that the velocity of 100 km s−1 is required as the
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polytropic relation between density and temperature

- different behavior between the disk and the halo
‣different dynamics 

‣adiabatic expansion in the disk 
‣free expansion in the halo

PVγ = const → Tρ1-γ = const

Temperature [keV]
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Fig. 8. Top: temperature profile obtained from the hardness ratio profile in the SB region assuming the simplest
model of the absorbed thin thermal plasma with the column density of 5×1020 cm−2. Hardness ratio vs the surface
brightness at the energy range between 0.4 and 0.8 keV in the NW disk (bottom left) and the SE disk (bottom right).
Cross and diamond marks show results in the disk and the halo, respectively. As reference values, polytropic indices
of 6/3 (dash), 5/3 (dot-dash) and 4/3 (dot) and the best fir curves (solid) between density and temperature are also
plotted together. The normalization of each curve is arbitrarily determined.

effect work even in the halo region. Note that the extracted regions are not identical. The density
profile was represented empirically with the double exponential model as shown in Figure 9 upper
right. We adopted this double exponential model as an input density profile to calculate the radiative
cooling. We utilized cooling rate described in Sutherland & Dopita (1993) assuming CIE with the
abundance ratio of [Fe/H] = -0.5 considering our spectral analysis (see Table 3). We interpolated
emissivity between discrete values assuming linearity. Then, the temperature gradient in the halo
of the SB region was calculated to be (0.3±1.6)×10−2 [keV / kpc] + 0.32±0.09 [keV]. To extract the
lower limit of the velocity of hot interstellar gas, we adopted the slope of -1.3×10−2 [keV / kpc] as a 90
% lower limit and 0.40 keV as a starting point. A comparison between the observed and the expected
temperature profiles is shown in Figure 10. We also plotted the observed lowest temperature gradient
within 90 % confidence level. Thus, it is suggested that the velocity of 100 km s−1 is required as the
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Possibility of the Outflow toward the Intergalactic Space
Mitsuishi et al. PASJ submitted

Motivation: 

‣free expansion in the halo 
‣flat temperature in the halo
‣no effective cooling process
‣needs a certain level of velocity
➡velocity constraint

Assumptions:

(1) hot gas in the halo moves along with the minor axis with constant Vbulk

(2) only radiative cooling as a cooling process
(3) adopt density profile obtained from the surface brightness 
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Constraint on the velocity of the outflow in the halo
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Summary

X-ray observations for NGC 253 to verify the starburst-driven outflow scenario

• nuclear region (=most intense starburst region)
‣hard X-ray originates from starburst activity
‣several 1000 type-II supernovae
➡supply from the central starburst activity (Mitsuishi et al. 2011 ApJL)

• outer regions (superwind, disk and halo)
‣same abundance patterns
‣type-II contaminated abundance patterns 
‣same origin as the inner region

‣same mechanism in starburst galaxies ?

‣constraint gas dynamics in the disk and the halo
‣different behavior of SB and HR 
‣adiabatic expansion in the disk 
‣free expansion in the halo  (Mitsuishi et al. PASJ submitted)
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