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Abstract. Shell-like supernova remnants (SNRs) are primary candidates for the origin of Galac-
tic cosmic rays. However, among the known SNRs (about 220), only a small fraction has been
known to exhibit the synchrotron X-ray spectrum, that is considered to be a piece of evidence
for high energy particle acceleration. Synchrotron X-ray emitting SNRs are known to be sys-
tematically radio-quiet compared to the SNRs that do not emit synchrotron X-rays. Therefore,
most synchrotron X-ray emitting SNR candidates may have escaped detection in the previous
systematic radio surveys. On the other hand, hard X-ray surveys are effective to search for
synchrotron X-ray emitting SNRs, because of its penetration power. Thus we have searched for
SNRs in the ASCA Galactic Plane Survey data, the first Galactic imaging survey in >2 keV,
and discovered 14 candidates. Deep follow-up observations with ASCA, XMM , or Chandra on
5 of them revealed 2 sources to be synchrotron X-ray emitting SNRs. Furthermore we confirmed
non-thermal X-ray spectra from the other 3 sources, though the origin is yet unknown. We
report the observational results and discuss the X-ray origin.
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1. Introduction
Since the discovery of synchrotron X-ray emission from SN1006 (Koyama et al. 1995),

synchrotron X-rays and TeV γ-rays are detected in several SNRs (e.g., RX J1713.7−3946;
Enomoto et al. 2002), which are evidence for high energy (� 10 TeV) electrons located in
the shells of SNRs. However, synchrotron X-rays or TeV γ-rays has been detected in only
a small number of SNRs (∼10) compared with the total number of SNRs now known
(∼220 excepting for filled-center type SNRs; Green 2004). Therefore, we cannot draw
conclusion as to whether particle acceleration is a universal activity of SNRs or not. As
a result, it is still unknown whether particle acceleration in SNRs is significant for the
Galactic cosmic rays.

From the discoveries of several SNRs in the ROSAT All Sky Survey (e.g., Pfeffermann
& Aschenbach 1996), it is suggested that a part of SNRs have low radio surface brightness
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and have been escaping detection in the previous systematic radio surveys. However, due
to the interstellar absorption, soft X-ray observations with ROSAT are not suited for
detecting sources embedded in the Galactic plane. On the other hand, hard X-rays are
transparent through the Galactic plane. In addition, synchrotron X-rays are dominant
against thermal emission in the hard X-ray band. Therefore, a hard X-ray survey would
be the best way to find new SNRs emitting synchrotron X-rays (synchrotron X-ray SNRs)
located in the Galactic plane.

On this point of view, we reanalyzed the data set of the ASCA Galactic Plane Survey,
which is the first imaging survey of the Galactic plane in the hard X-ray band (> 2 keV).
Comprehensive studies of the survey data have been reported by Sugizaki et al. (2001). In
this paper, we concentrate on new detection of unidentified diffuse hard X-ray emissions.

2. Observations and Data Reduction
The ASCA Galactic Plane Survey (AGPS) consists of 173 pointing observations, cov-

ering the area of the Galactic inner disk of |l| � 45◦ and |b| � 0.4◦. Since about 34%
of the surveyed regions suffer from stray light from nearby bright sources, we excluded
these regions in our analysis. Since GISs had 4 times larger field of views than SISs, we
concentrated on the X-ray data from GIS in this SNR survey.

Exposure corrected images of the ASCA Galactic Plane Survey data in the 2.0–7.0 keV
band were produced using night earth data for the background, and blank sky data for the
efficiency map. We searched for unidentified extended sources in the resultant exposure-
corrected 2.0–7.0 keV band images. As a result, we detected 14 new extended sources
in the hard band images (2–7 keV). Among them are 5 SNR candidates, which we have
already reported (G28.6−0.1, G11.0+0.0, G25.5+0.0, G26.6−0.1, G32.45+0.1; Bamba
et al. 2001; Bamba et al. 2003; Ueno et al. 2003; Yamaguchi et al. 2004), and G337.2+0.1,
which was reported by Combi et al. (2005) as an SNR candidate. The hard band images
of the other 8 sources are shown in Figure 1. By making radial profiles, we verified these
sources are significantly extended compared with the point spread function of GIS.

3. Discussion
3.1. Radio Faintness of the SNR candidates

Radio surface brightness (Σ) of SNRs tends to become small as their diameters (D)
become large, which is generally known as the Σ-D relation (Figure 2; e.g., Green 2004).
Since the new SNR candidates in this paper are discovered with X-rays but not with
radio observations, it is inferred that they are radio faint compared with the other SNRs.
According to the Σ-D relation, the diameters of the candidates should be large. In order
to test this, the distances of the candidates are roughly estimated from the absorption
column densities of the X-ray spectra, assuming the density of the ISM, NH = 1 cm−3.
Since the NH of two candidates is consistent with 0 cm−2 and their distances can not
be determined, they are excluded here. On the other hand, the upper limit of radio
brightnesses of the new SNR candidates can be estimated from the sensitivities of the
previous radio surveys. The l > 0◦ and l < 0◦ regions are covered with the NRAO
VLA Sky Survey (Condon et al. 1998) and with the Molonglo Galactic Plane Survey
(Green et al. 1999), respectively. Upper limits (3σ) are calculated to be 6 × 10−22 and
(1− 2)× 10−21 W m−2 s−1 Hz−1 sr−1 (spectral index of 0.5 is assumed). These results
are added to the Σ-D relation in Figure 2. Although there are large uncertainties in
diameters, it is seen that newly found SNR candidates are faint in radio not because
they have large diameters.
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Figure 1. ASCA images of the new SNR candidates in the 2.0–7.0 keV band. Scales are
logarithmic and the numbers next to the scale bars correspond to the surface brightness
(×10−6 counts cm−2 s−1 arcmin−2). The orientation is equatorial (J2000), whereas the co-
ordinates shown are galactic. The sources detected in Sugizaki et al. (2001) are designated with
white crosses. The new SNR candidates are in the center of each image.

Figure 2. Radio surface brightness vs. diameter relation for shell SNRs (see Green 2004). SNR
emitting synchrotron X-rays and those not are designated with circles and crosses, respectively.
The new SNR candidates are shown with triangles, whose radio surface brightnesses shown are
all upper limits.
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Arbutina & Urošević (2005) suggested that SNRs located in high density media show
high radio surface brightnesses, which is also theoretically deduced by Berezhko & Völk
(2004). Since synchrotron X-ray SNRs tend to be faint in radio, they may be located in
low density environment.

3.2. Expected number of synchrotron X-ray SNRs in the Galactic plane
If we assume the diameter (20 pc) and X-ray luminosity (2×1034 erg s−1 in 2-10 keV) of
SN1006 for synchrotron X-ray SNRs expected in the Galactic plane, the deepness of the
ASCA survey is ∼10 kpc for the synchrotron X-ray SNR survey, which is limited by the
angular resolution. We assume that distribution of supernova remnants is the same as
that of molecular clouds. In order to estimate coverage of the ASCA survey, we simply
assume a finite disk model for the number density of SNRs η as;

η(r, z) =




η0 exp
[
− 1

2

(
|z |
Zs

)2
]

(r � Rd)

0 (r > Rd).
(3.1)

According to Sanders et al. (1984), the scale hight of CO (Zs) is ∼ 60 pc. We assume
Rd = 5 kpc, at which radius the Galactocentric arms are located (Sanders et al. 1984).
We found that 37% of the putative SNRs are located in the region covered by the ASCA
survey (|l| < 45◦, |b| < 0.4◦, distance <10 kpc). However, 34% of the survey region
suffers from stray light and could no be used for an extended-source search. Therefore,
1/0.37/(1−0.34) ∼4 times the number of SNRs detected in the ASCA survey is expected
in the Galactic plane. Since we discovered 14 candidates in the survey region and at least
2 sources, G28.6−0.1 and G32.45+0.1, are synchrotron X-ray SNRs, we expect 8∼56
synchrotron X-ray SNRs in the Galactic plane.
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Discussion

Vink: Wouldn’t you think that the faint SNRs discovered by HESS are most likely to be
TeV emitters because of Inverse Comptom emission from the same electrons that cause
X-ray synchrotron emission, whereas pion decay is unlikely due to the low density?

Ueno: I think that’s reasonable.

Katsuji Koyama (right) with company before the Conference Dinner; next to him Masaru
Ueno.
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