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SUMMARY: We present the updated empirical radio surface-brightness-to-dia-
meter (Σ − D) relation for supernova remnants (SNRs) in our Galaxy. Our origi-
nal calibration sample of Galactic SNRs with independently determined distances
(Pavlović et al. 2013, hereafter Paper I) is reconsidered and updated with data
which became available in the past two years. The orthogonal fitting procedure
and probability-density-function-based (PDF) method are applied to the calibra-
tion sample in the log Σ − log D plane. Non-standard orthogonal regression keeps
the Σ−D and D−Σ relations invariant within estimated uncertainties. Our previ-
ous Monte Carlo simulations verified that the slopes of the empirical Σ−D relation
should be determined by using the orthogonal regression, because of its good perfor-
mances for data sets with severe scatter. The updated calibration sample contains
65 shell SNRs. 6 new Galactic SNRs are added to the sample from Paper I, one is
omitted and distances are changed for 10 SNRs. The slope derived is here slightly
steeper (β ≈ 5.2) than the Σ−D slope in Paper I (β ≈ 4.8). The PDF method relies
on data points density maps which can provide more reliable calibrations that pre-
serve more information contained in the calibration sample. We estimate distances
to five new faint Galactic SNRs discovered for the first time by Canadian Galactic
Plane Survey, and obtained distances of 2.3, 4.0, 1.3, 2.9 and 4.7 kiloparsecs for
G108.5+11.0, G128.5+2.6, G149.5+3.2, G150.8+3.8 and G160.1−1.1, respectively.
The updated empirical relation is used to estimate distances of 160 shell Galactic
SNRs and new results change their distance scales up to 15 per cent, compared to
the results from Paper I. The PDF calculation can provide even few times higher
or lower values in comparison with the orthogonal fit, as it uses a totally different
approach. However, on average, this difference is 32, 24 and 18 per cent for mode,
median and mean distances.
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1. INTRODUCTION

The reliable distance determination to Galac-
tic supernova remnants (SNRs) is necessary for ob-
taining their basic parameters, such as size, age and

explosion energy. It also helps us to study their evo-
lution and to describe the production of cosmic rays
(CRs). There are several methods for determination
distances to Galactic SNRs such as: from histori-
cal records of supernovae (SNe), from proper mo-
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tions and radial velocities, kinematic observations,
coincidences with HI, HII and molecular clouds, OB
associations and pulsars, HI absorption and polar-
ization, optical extinction, low frequency radio ab-
sorption, CO emission and from X-ray observations
(Green 1984, Zhu and Tian 2014).

However, when distance determination by the
above mentioned methods is not possible, the dis-
tance of a Galactic SNR is commonly estimated by
using the radio surface brightness - diameter relation
(Σ − D). The relation connecting the radio surface
brightness at frequency ν and diameter of SNR is
given as:

Σν(D) = AD−β , (1)

where A is thought to depend on properties of the
SN explosion such as the SN explosion energy, the
mass of the ejected matter and also on the prop-
erties of ISM such as density of the ISM, magnetic
field strength, etc, while the parameter β is thought
to be independent of these properties (Arbutina and
Urošević 2005). The slope β explicitly depends on
the spectral index α of the integrated radio emission
from the remnant (defined in the sense, Sν ∝ ν−α,
where Sν is the flux density at frequency ν), as fol-
lows from theoretical work (first derived for SNRs;
Shklovskii 1960). This relation is applicable to shell-
type SNRs but it can also be used for composite rem-
nants if we separate the surrounding shell flux and
flux originating from the central regions (Case and
Bhattacharya 1998).

Despite of all the criticism of the Σ − D rela-
tion (see for example Green 1984, 2004), it remains
an important tool in estimating distances to SNRs
in cases where other methods are not applicable.

Calibration is done by linearizing the above
Eq. (1) and applying some of the standard fitting
techniques. Parameters A and β are then obtained
by fitting the data for a sample of SNRs of known
distances (usually called calibrators). After the cal-
ibration, the relation can be used to determine the

distance to a particular SNR by measuring its flux
density and angular diameter. In our previous paper
(Pavlović et al. 2013, hereafter Paper I), we showed
that applying some non-standard fitting procedures,
instead of (standard) the vertical regression, can re-
sult in different parameters of the Σ−D relation for
shell SNRs. We also emphasized a very important
consequence of our analysis: orthogonal offsets are
more reliable and stable over other types of offsets.

Following our approach from Paper I, we
present here an updated empirical radio Σ − D re-
lation for Galactic SNRs. The new relation is now
based on the extended and updated calibration sam-
ple, containing 65 Galactic SNRs: 6 new SNRs were
added, one is omitted from the previous calibration
sample and the distance was changed for 10 remnants
in accordance with the new observations.

2. ANALYSIS AND RESULTS

2.1. The updated calibration sample and
corresponding Σ − D relation

The updated Galactic sample of 65 shell
Galactic SNRs with direct distance estimates, which
is used to derive the new Σ−D relation, is in Table
1. The frequency of 1 GHz for surface brightness Σ
is chosen because flux density measurements at fre-
quencies, presented, both above and below this value
are usually available. Usually, the flux density at 1
GHz is not a measured value, but is derived from
the observed radio spectrum of the SNR, following
the dependence Sν ∝ ν−α.

Similar to Paper I, our Galactic sample also
includes five composite SNRs for which it was possi-
ble to separate the shell flux density from the pulsar
wind nebula (PWN) flux density or they simply have
a pure shell structure in radio domain. These SNRs
are: G11.2−0.3, G93.3+6.9 (DA 530), G189.1+3.0
(IC 443), G338.3−0.0 and G344.7−0.1.

Table 1: Shell SNRs with known distancesa - the calibration sample consists of 65 SNRs.

No. Catalog name Other name Surface brightness at 1 GHz Distance Diameter Ref.
(×10−21 Wm−2Hz−1sr−1) (kpc) (pc)

1 G4.5+6.8b Kepler, SN1604, 3C358 318 6.0 5.2 1
2 G11.2−0.3 193 4.4 5.1 2
3 G18.1−0.1 22.9 5.6 9.0 3
4 G18.8+0.3b Kes 67 26.6 14.0 55.7 4
5 G21.8−0.6 Kes 69 26 5.2 30.3 5
6 G23.3−0.3 W41 14.5 4.2 33.0 6
7 G27.4+0.4 Kes 73, 4C−04.71 56.4 8.65 10.1 6
8 G31.9+0.0b 3C391 103 7.2 12.4 7
9 G33.6+0.1b Kes 79 33.1 7.0 20.4 8
10 G35.6−0.4 8.2 3.6 13.5 9
11 G41.1−0.3 3C397 294 10.3 10.0 10
12 G43.3−0.2b W49B 477 10.0 10.1 11
13 G46.8−0.3b HC30 9.5 7.8 33.7 6
14 G53.6−2.2b 3C400.2, NRAO 611 1.3 2.8 24.8 6
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Table 1 – Continued
No. Catalog name Other name Surface brightness Distance Diameter Ref.

(×10−21 Wm−2Hz−1sr−1) (kpc) (pc)
15 G54.4−0.3b HC40 2.6 3.3 38.4 12, 2
16 G55.0+0.3 0.25 14.0 70.5 6
17 G65.1+0.6 0.18 9.0 175.6 6
18 G74.0−8.5b Cygnus Loop 0.86 0.54 30.1 14
19 G78.2+2.1b γ Cygni, DR4 13.4 1.20 20.9 15
20 G84.2−0.8b 5.2 6.0 31.2 16
21 G89.0+4.7b HB21 3.1 0.8 24.2 6
22 G93.3+6.9 DA 530, 4C(T)55.38.1 2.5 2.2 14.9 37
23 G93.7−0.2 CTB 104A, DA 551 1.5 1.5 34.9 6
24 G94.0+1.0 3C434.1 2.6 3.0 23.9 17
25 G96.0+2.0 0.067 4.0 30.3 6
26 G108.2−0.6 0.32 3.2 57.2 6
27 G109.1−1.0 CTB 109 4.2 3.2 26.1 18
28 G111.7−2.1b Cassiopeia A, 3C461 16400 3.33 4.84 19
29 G114.3+0.3 0.17 0.7 14.3 6
30 G116.5+1.1b 0.31 1.6 32.2 6
31 G116.9+0.2b CTB 1 1.04 1.6 15.8 6
32 G119.5+10.2b CTA 1 0.67 1.4 36.7 6
33 G120.1+1.4b Tycho, 3C10, SN1572 132 2.5 5.8 20
34 G127.1+0.5 R5 0.89 1.25 16.4 6
35 G132.7+1.3b HB3 1.06 2.2 51.2 6
36 G152.4−2.1 0.056 1.10 31.1 21
37 G156.2+5.7b 0.062 1.0 32.0 22
38 G160.9+2.6b HB9 0.98 0.8 30.2 23
39 G166.0+4.3b VRO 42.05.01 0.55 4.5 57.4 6
40 G180.0−1.7 S147 0.3 0.62 32.5 6
41 G189.1+3.0b IC443, 3C157 12.2 1.5 19.6 2
42 G190.9−2.2 0.047 1.0 18.8 21
43 G205.5+0.5b Monoceros Nebula 0.5 1.2 76.8 6
44 G260.4−3.4b Puppis A, MSH 08-44 6.5 2.2 35.1 6
45 G290.1−0.8 MSH 11-61A 23.8 7.0 33.2 13
46 G292.2−0.5 3.5 8.4 42.3 6
47 G296.5+10.0b PKS 1209-51/52 1.2 2.1 46.7 24
48 G296.7−0.9 3.8 9.8 31.2 25
49 G296.8−0.3 1156-62 4.8 9.6 46.7 6
50 G308.4−1.4 2.1 9.8 12.0 26, 27
51 G315.4−2.3b RCW 86, MSH 14-63 4.2 2.3 28.1 6
52 G327.4+0.4 Kes 27 10.2 4.85 29.6 6
53 G327.6+14.6b SN1006, PKS 1459-41 3.2 1.7 14.8 28
54 G332.4−0.4b RCW 103 42.1 3.1 9.0 6
55 G337.0−0.1 CTB 33 134 11.0 4.2 6
56 G337.8−0.1 Kes 41 50.2 11.0 23.5 6
57 G338.3−0.0 15.7 11.0 25.6 29
58 G340.6+0.3 20.9 15.0 26.2 6
59 G344.7−0.1 3.8 14.0 40.7 30
60 G346.6−0.2 18.8 7.5 17.4 31
61 G348.5+0.1b CTB 37A 48.2 9.9 43.2 32
62 G348.7+0.3b CTB 37B 13.5 13.2 65.3 33
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Table 1 – Continued
No. Catalog name Other name Surface brightness Distance Diameter Ref.

(×10−21 Wm−2Hz−1sr−1) (kpc) (pc)
63 G349.7+0.2b 602 11.5 7.5 34
64 G352.7−0.1 12.5 7.5 15.1 8
65 G359.1−0.5b 3.7 7.6 53.1 35, 36

Notes.
a Direct distance estimates, inferred from proper motions, shock and radial velocities, HI absorption and
polarization, association or interaction with HI, HII and CO molecular clouds, OB associations, pulsars,
X-ray observations, optical extinction and low frequency radio absorption.
b SNRs from Case and Bhattacharya’s (1998) calibration sample.
References. (1) Chiotellis et al. 2012; (2) Case and Bhattacharya 1998; (3) Leahy et al. 2014; (4) Paron et
al. 2012; (5) Zhou et al. 2009; (6) Green 2014; Ferrand and Safi-Harb 2012; (7) Su et al. 2014; (8) Giacani
et al. 2009; (9) Zhu et al. 2013; (10) Jiang et al. 2010; (11) Zhu et al. 2014; (12) Junkes et al. 1992; (13)
Filipović et al. 2005; (14) Blair and Sankrit 2005; (15) Uchiyama et al. 2002; (16) Leahy and Green 2012;
(17) Jeong et al. 2013; (18) Kothes and Foster 2012; (19) Alarie et al. 2014; (20) Zhang et al. 2013; (21)
Foster et al. 2013; (22) Xu et al. 2007; (23) Leahy and Tian 2007; (24) Giacani et al. 2000; (25) Prinz and
Becker 2013; (26) Prinz and Becker 2012; (27) De Horta et al. 2013; (28) Nikolić et al. 2013; (29) Castelletti
et al. 2011; (30) Giacani et al. 2011; (31) Yamauchi et al. 2013; (32) Yamauchi et al. 2014; (33) Tian and
Leahy 2012; (34) Tian and Leahy 2014; (35) Uchida et al. 1992a; (36) Uchida et al. 1992b; (37) Jiang et al.
2007.

Our main source of information is Green’s up-
dated catalog of Galactic SNRs (2014 May version,
Green 2014) and Gilles Ferrand’s database of Galac-
tic SNRs1 (Ferrand and Safi-Harb 2012). We have
additionally searched the literature which provide ac-
curate distances to Galactic shell SNRs that are not
included in the above catalogues.

The Galactic sample of calibrators in Paper
I contains 60 shell SNRs with direct distance esti-
mates. We have searched the literature to find recent
and accurate distances to as many SNRs as avail-
able. Here the presented sample contains SNRs with
revised distances to 10 objects from the Paper I sam-
ple. SNRs with new distance estimates are listed in
Table 2.

G309.8+0.0 has been removed from the list
of calibrators as we find its distance questionable.
Up to now, the main reference was Case and Bhat-
tacharya (1998) who proposed the distance of 3.6
kpc. Actually, these authors cited Huang and
Thaddeus (1985) who further mentioned Caswell et
al. (1980) as the main reference for this distance.
Caswell et al. (1980) only concluded that HI interfer-
ometry should permit a distance determination and
they proposed to make this measurement when the
improvements to the Parkes interferometer are com-
pleted.

We have also added the following 6 new
SNRs to the original Paper I sample: G18.1−0.1,
G35.6−0.4, G152.4−2.1, G190.9−2.2, G296.7−0.9
and G308.4−1.4.

Foster et al. (2013) reported on the discov-
ery of two Galactic SNRs designated G152.4−2.1 and
G190.9−2.2, using Canadian Galactic Plane Survey
(CGPS) data. They introduce these two extended
faint discrete objects discovered in the CGPS and
show evidence (mainly through their radio spectral
and polarization properties) that classifies them as
SNRs. Foster et al. (2013) determined a systemic
local standard of rest (LSR) velocities for both SNRs
along their lines-of-sight using HI and 12CO(J = 1 →
0) line data. They obtained distances of 1.1 ± 0.1
kpc and 1.0 ± 0.3 kpc for G152.4–2.1 and G190.9–
2.2, respectively.

Two recent studies provided the distance es-
timate to Galactic SNR G18.1−0.1 and thus we in-
clude this remnant among calibrators. Paron et al.
(2013) suggested that SNR G18.1−0.1 is located,
along the plane of the sky, close to several HII re-
gions (infrared dust bubbles N21 and N22, and the
HII regions G018.149−00.283 and G18.197−00.181).
They suggest that all of these objects belong to the
same complex at a distance of about 4 kpc. How-
ever, we adopt 5.6 kpc as the distance to this SNR
following the conclusions from more recent paper by
Leahy et al. (2014). Later, the authors analysed
radio and X-ray observations of G18.1−0.1 and the
overlapping and surrounding HII regions. The HI
spectrum of SNR G18.1−0.1 shows absorption up to
100 km s−1 but not beyond, yielding a distance of
5.6 kpc.

1A census of high-energy observations of Galactic supernova remnants, Department of Physics and Astronomy at the Uni-
versity of Manitoba, www.physics.umanitoba.ca/snr/SNRcat
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Table 2: Galactic SNRs with revised distances.
Catalog name Other name Paper I Revised distance Method Reference

(kpc) (kpc)
G18.8+0.3 Kes 67 12.0 14.0 HI absorption,

molecular obser-
vations

1

G31.9+0.0 3C391 8.5 7.2 interaction with
molecular clouds

2

G84.2-0.8 4.5 6.0 HI absorption 3
G94.0+1.0 3C434.1 5.2 3.0 CO cloud interac-

tion
4

G111.7-2.1 Cassiopeia A 3.4 3.33 data from SpI-
OMM and Hub-
ble2

5

G120.1+1.4 Tycho 4.0 2.5 cloud association,
HI absorption

6

G327.6+14.6 SN1006 2.2 1.7 shock velocity and
proper motion

7

G346.6-0.2 11.0 7.5 X-ray observa-
tions

8

G348.5+0.1 CTB 37A 7.9 9.9 X-ray observa-
tions

9

G349.7+0.2 18.4 11.5 HI absorption 10

References. (1) Paron et al. 2012; Su et al. 2014; (3) Leahy and Green 2012; (4) Jeong et al. 2013; (5)
Alarie et al. 2014; (6) Zhang et al. 2013; (7) Nikolić et al. 2013; (8) Yamauchi et al. 2013; (9) Yamauchi et
al. 2014; (10) Tian and Leahy 2014.

Prinz and Becker (2013) presented a detailed
study of the SNR G296.7−0.9 in the 0.2−12 keV
X-ray band, using data from XMM-Newton. Us-
ing the deduced spectral parameters from the non-
equilibrium ionization (NEI) fit, they derived basic
properties of the remnant such as distance d, post-
shock hydrogen density nH, swept-up mass M , rem-
nant age t, radius in pc Rs, and shock velocity υs.
Their analysis indicates the SNR with age between
5800 to 7600 years and a distance of 9.8+1.1

−0.7 kpc.
The extended radio source in the Galactic

plane, G35.6−0.4, was reidentified as a SNR by
Green (2009) from radio and infrared survey obser-
vations. Zhu et al. (2013) found a plausible distance
of 3.6 ± 0.4 kpc using HI, 13CO emission, and HI
absorption spectra. With this distance, the average
age of SNR G35.6−0.4 would be about 2300 yr and
it implies that SNR G35.6−0.4 is in an early evolu-
tionary stage.

Prinz and Becker (2012) presented a detailed
X-ray and radio wavelength study of G308.4−1.4, a
candidate SNR in the ROSAT All Sky Survey and
the MOST SNR catalog, to identify it as a SNR.
The SNR candidate and its central sources were stud-
ied using observations from the Chandra X-ray Ob-
servatory, Swift, the Australian Telescope Compact

Array (ATCA) at 1.4 and 2.5 GHz and WISE in-
frared observation at 24 μm. Their analysis revealed
that the object is at a distance of 9.8+0.9

−0.7 kpc and
that the progenitor star exploded 5000 to 7500 years
ago. Also, De Horta et al. (2013) presented radio-
continuum observations of this SNR, made with the
ATCA, Molonglo Observatory Synthesis Telescope
and the Parkes radio telescope and confirmed that
G308.3−1.4 is a SNR with a shell morphology. De
Horta et al. (2013) estimate the flux density at 1
GHz to be S1GHz ≈ 242 mJy and we adopt their
value.

SNR G43.3−0.2 (W49B) has already been in
our previous calibration sample with distance of 10
kpc. Zhu et al. (2014) confirmed this distance us-
ing recent radio and infrared data. These authors
obtained a kinematic distance of ∼10 kpc for W49B
and suggest that the SNR is likely associated with
the CO cloud.

After applying the non-weighted orthogonal
regression on the sample containing 65 calibrators
from Table 1, we obtained the relation:

Σ1GHz = 6.9+460
−6.8 · 10−14D−5.2±1.3 Wm−2Hz−1sr−1,

(2)

2Authors used the imaging Fourier transform spectrometer Spectromètre Imageur de l’Observatoire du Mont-Mégantic
(SpIOMM) to obtain hyperspectral cubes of the Cas A and multi-epoch observations from the Hubble Space Telescope to
create a proper motion map, showing the displacement of several filaments over the most part of Cas A.
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Fig. 1. Surface brightness vs. diameter Σ − D re-
lation at 1 GHz for shell SNRs obtained by using the
distance calibrators in Table 1. The different meth-
ods for minimizing the distance of data from the fitted
line are presented. The thin solid line represents the
ordinary (vertical) the least squares regression (slope
β = 2.1) while the orthogonal regression is presented
by thick line (β = 5.2). Dashed line represents or-
thogonal regression obtained in Paper I (β = 4.8).

where the asymmetric error interval for parameter
A corresponds to Δ log A = 1.83 (log A = −13.16).
The new relation is slightly steeper than the one ob-
tained in Paper I (β = 4.8). For shell SNRs cal-
culated distances derived from the updated Σ − D
relation are shown in Table 3. In total, 225 Galac-
tic SNRs are shown: 65 SNRs from our calibration
sample (just for comparison) and 160 SNRs without
available distance estimates.

In order to obtain an accuracy estimate of the
obtained Σ−D relation for individual SNR distances,
we define fractional errors as:

f =
∣
∣
∣
∣
dI − dΣ

dI

∣
∣
∣
∣ , (3)

where dI is the independently determined distance
to an SNR and dΣ is the distance derived from our
relation. Also, this is an indicator of the applicabil-
ity of our relation for distance determination. The
average fractional error for the updated sample is
f̄ = 0.52 (comparable to f̄ = 0.47 in Paper I and
f̄ = 0.41 obtained by Case and Bhattacharya (1998)
for a significantly smaller calibration sample).

2.2. Σ − D calibration using
PDF-based method

Fig. 2. Greyscale reconstructed data PDF. The
lattice of 100 × 100 cells is mapped on the variables
range shown in the plot. The markers represent pa-
rameters of the distributions at fixed Σ values, along
the D axis (rows of the plotted PDF matrix): the
mode – diagonal cross, median – open square and
mean – cross. The dashed line represents the orthog-
onal offsets best-fitting line and solid line represents
the ordinary least-squares regression.

Calibration of the Σ − D relation can also be
done without using neither the orthogonal fitting nor
any other standard fitting procedure. Instead, as
pointed out by Vukotić et al. (2014), random resam-
pling can be used to obtain the probability density
function (PDF) of calibration data points in the fit-
ting plane. Therefore, the resulting PDF is used to
estimate distance-related properties. Vukotić et al.
(2014) showed that the PDF-based method for cali-
bration can provide more accurate and more reliable
calculations than those obtained by standard linear
fitting procedures. Detailed description of algorithm
for the calculation of data points density distribution
is given in Vukotić et al. (2014).

In our analysis, 106 random resamplings have
been done and we mapped resulting samples on the
102 × 102 lattice spanning the coordinates range
shown in Fig. 2. After applying the algorithm from
Vukotić et al. (2014), the resulting data sample PDF
is obtained as a 2D matrix that can be used as the
pattern for distance determination (Fig. 2). Thus,
this PDF matrix contains more information about
the calibration sample than just the line of the best
fit. In order to obtain a single value for the distance
to a particular SNR, we get a value of the diameter D
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from the corresponding PDF distribution of D at the
particular fixed value of log Σ. This PDF distribu-
tion of D for a fixed value of log Σ actually represents
an 1-dimensional ”slice” from a 2-dimensional PDF
matrix obtained for the entire data sample.

In Table 3 we present distances to 225 Galac-
tic SNRs inferred from the PDF calibration, in form
of three basic statistical properties of these distri-
butions: the median, mode and mean. The median
represents the distance corresponding to the diame-
ter D with equal probability that the value of D is
situated in higher or lower values than median and
it changes very slowly with data fluctuations. The
mode represents the value which corresponds to the
diameter D having the highest probability and it is
representative in cases where this mode peak domi-
nates the entire distribution. The mean distance can
be useful in estimating error, although it is more sen-
sitive to fluctuations in data than the median value
(Vukotić et al. 2014).

2.3. Distances to five newly detected
Galactic SNRs

Gerbrandt et al. (2014) presented the re-
sults of a systematic search of the Canadian Galac-
tic Plane Survey (CGPS) for faint, extended non-
thermal structures that are likely shells of uncat-
alogued Galactic SNRs. They discovered five new
objects which are strong candidates for new SNRs.
These five objects are designated by their Galac-
tic coordinate names G108.5+11.0, G128.5+2.6,
G149.5+3.2, G150.8+3.8 and G160.1−1.1. CGPS
1420 MHz polarization data and 4.8 GHz polariza-
tion data also provide evidence that these objects are
newly discovered SNRs.

Gerbrandt et al. (2014) estimated flux densi-
ties at 4.8 GHz, 2.7 GHz, 1420 MHz, 408 MHz, and
327 MHz for each object except for G108.5+11.0,
for which only three frequency measurements were
available: 4.85 GHz, 1420 MHz, and 408 MHz. They
also provide flux densities at 1 GHz, deduced by fit-
ting the power-law Sν ∝ ν−α to the frequency spec-
trum. We then applied our updated empirical Galac-

tic Σ − D relation as well as PDF-based calibration
to obtain the diameters and hance distance estimates
for these five objects. Flux densities at 1 GHz, an-
gular dimensions and obtained distances are given in
Table 3.

We also give the PDF of the diameter variable
at the fixed value of log Σ (respectively -22.3601, -
22.3461, -22.4895, -22.0807, -22.0749) for these five
very low surface brightness objects (Fig. 3). As
noted by Vukotić et al. (2014), in the case when dis-
tance estimates for the mode, mean and median are
close together, then the mode value should be used
as the most probable one. In other cases, where dif-
ference is significant, an inspection of PDF may be
required, either from a data sample PDF (Fig. 3),
or directly from the 2D matrix of PDF presented in
form of a graph (Fig. 2). We adopted mode dis-
tances for these five new SNRs because all three es-
timators (the mode, median and mean) were within
the range of the highest peak (Fig. 3). As can
be seen from Fig. 3, PDF distributions for SNRs
G108.5+11.0, G128.5+2.6 and G149.5+3.2 have two
dominant peaks of approximately the same probabil-
ity, so we adopt two distance estimates for them (the
last column values in brackets correspond to lower
peaks).

The results presented in Table 3 lead to a con-
clusion that the PDF-based method gives lower di-
ameters than the values estimated from the best fit
line (orthogonal fit) and, therefore, gives lower dis-
tances for a given angular diameter of the object.
The explanation for this can be a denser populated
calibrator data point region at log Σ ≈ −22 which
is situated to the left of the orthogonally fitted line,
towards the lower diameters.

These values are obtained using the calibra-
tors from Table 1, however they give a significantly
different results than if the orthogonal fitting is used.
The average fractional errors (defined by Eq. (3))
for PDF calibration are 0.35, 0.43 and 0.39 for the
mode, median and mean distances respectively, and
they are notably lower than those in the orthogonal
fitting (f̄ = 0.52). Thus, the PDF method ensures a
greater consistency and more accurate calibrations.

Table 3: Distances to five newly discovered candidates for SNRs, along with
their integrated flux and spectral properties.

Catalog name Flux density Angular size Orthogonal fit PDF distance Adopted
S1GHz (mJy) (arcmin) distance (kpc) distance

(kpc) Mode Median Mean (kpc)
G108.5+11.0 734 64.9 × 39.0 4.1 2.3 2.2 1.8 2.3 (1.3)
G128.5+2.6 255 39.6 × 21.5 7.0 4.0 3.7 3.0 4.0 (2.3)
G149.5+3.2 590 55.6 × 49.3 4.1 1.3 1.5 1.7 1.3 (2.2)
G150.8+3.8 665 64.1 × 18.8 5.2 2.9 2.9 2.7 2.9
G160.1−1.1 265 35.9 × 13.2 8.3 4.7 4.7 4.3 4.7
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Fig. 3. PDF of the diameter variable at the fixed value of log Σ from the data sample. PDFs are given
respectively from G108.5+11.0 (top left) until G160.1−1.1 (bottom left). The first three SNRs have two peaks
of similar probability, so we put lower peak values in brackets in the last column of Table 3. Mode, median
and mean are presented with dashed, dash-dotted and dotted lines, respectively. The PDF function is such
that

∫ +∞
−∞ Φ(log D)d(log D) = 1 (Vukotić et al. 2014).
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3. DISCUSSION

The Σ − D relation is an important tool
in estimating distances to Galactic SNRs in cases
where other distance measurements are not appli-
cable. However, we acknowledge its theoretical and
statistical inconsistencies. Also, caution is necessary
as uncertainties of distance estimates could be higher
than 50 % for values obtained using the orthogonal
fitting and at least 35 % for PDF-based distance cal-
culation.

The catalog of known Galactic SNRs has
grown since our Paper I, from 274 to 294 SNRs. The
total number of SNRs with known distances (cali-
brators) has increased and our Galactic sample now
contains 65 shell remnants, which is used to derive
a new empirical Σ−D relation. Our improved sam-
ple contains revised distances to 10 SNRs from pre-
vious sample and we have also added 6 new SNRs
to the previous sample. One calibrator is omitted
from the previous calibration sample. In addition,
we also provide a PDF-based calibration for the up-
dated sample.

Our obtained slope (β = 5.2) is slightly
steeper than this slope in Paper I (β = 4.8), but
it stays within statistical errors. These two Σ − D
lines intersect in a point close to D ≈ 7.9 pc
and Σ ≈ 1.6 × 10−17 Wm−2Hz−1sr−1 and there-
fore the updated relation gives lower distances than
those in Paper I for SNRs with surface brightness
Σ < 1.6×10−17 Wm−2Hz−1sr−1 (almost all Galactic
SNRs, an exception among calibrators is Cassiopeia
A). This difference increases linearly with decreas-
ing radio surface brightness. Results obtained with
updated relation can change the distance scale for
Galactic SNRs up to about 15 per cent in compari-
son with Paper I. The obtained slope is still far from
the trivial one (β = 2.0, Urošević 2002, 2003) and
it agrees with theoretical predictions for the Sedov
phase of the SNR evolution (Sedov subphases should
have β slopes from 2 to 5.75, Paper I).

A significant number of selection effects im-
poses different limitations on statistical studies of
Galactic SNRs (e.g. Green 1991, Urošević et al.
2005, 2010). Identification of Galactic SNRs is al-
ways accompanied by the difficulty in identifying (1)
faint SNRs and (2) small angular size SNRs. The
surface-brightness limit affects the completeness of
all surveys of Galactic SNRs and the flux densities
of many SNRs are poorly determined. Furthermore,
Urošević et al. (2010) concluded that the sensitiv-
ity selection effect does not have a major impact on
the Σ − D slope for the sample of SNRs from star-
burst galaxy M82. Additionally, the Malmquist bias
is present in the Galactic samples, making them in-
complete. This is a volume selection effect that fa-
vors bright objects because they are sampled from a
larger spatial volume in any flux-limited surveys and
therefore, it acts against the low surface-brightness
remnants. Only an extragalactic set of SNRs does
not suffer from the Malmquist bias which is a dis-
tance dependent selection effect.

It has been generally accepted that no sin-
gle Σ − D relation can be constructed for the en-

tire known sample of Galactic SNRs (Arbutina and
Urošević 2005). Our current calibration sample con-
tains 65 SNRs in total, which probably have different
explosion energies, evolve in different ambient den-
sity, and may be in different phases of SNR evolu-
tion. Consequently, any single linear Σ − D relation
represents only an averaged evolutionary track for
Galactic SNRs. Nevertheless, we argue that the or-
thogonal fitting instead of ordinary least-squares re-
gression (vertical fitting) represents a significant step
forward and improves the statistical analysis of the
Σ − D relation.

PDF calibration, however, represents another
improvement of statistical approach to the Σ − D
relation. It is undoubtedly a more reliable method
than just a single fitting calibration (orthogonal fit-
ting in our case) as it gets a firmer hold on very im-
portant SNRs complex evolutionary features. Also,
the importance of local PDF features in statisti-
cal distance calibrations that are averaged out in
the case of orthogonal fitting should be emphasized.
PDF-based statistics is one of the few approaches
that can probably deal with different classes of SNRs
which is essential for gaining a better understanding
of the SNR evolution.

Nevertheless, the orthogonal fitting stays an
important method. Having the best fitting line pa-
rameters, one can simply calculate the distance to
an SNRs without using a specialized bootstrap code
which constructs the PDF distribution for a given
sample of calibrators. Also, the obtained slope of
the empirical Σ − D relation, may have important
consequences for the theoretical modeling of SNR
evolution.

For a proper Σ−D analysis, the L−D correla-
tion should also be tested to allow a possible depen-
dence of luminosity on the diameter as Lν = CDδ ,
where C is constant, following from the luminosity-
surface-brightness relation Lν = π2D2Σν (Arbutina
et al. 2004). However, our Monte Carlo simulations
in Paper I have revealed that the L − D relation is
very sensitive to scatter in the data. Therefore, it
is not possible to obtain the L − D relation for our
sample as it is subject to severe scatter and obtained
slopes do not have physical meaning.

4. SUMMARY

We present a re-analysis of the empirical
Galactic Σ−D relation for Galactic SNRs. The em-
pirical Σ−D relation is strongly dependent not only
on the regression type due to severe data scatter,
but also on the calibration sample containing SNRs
with independently determined distances. Following
the main conclusion from Paper I that the orthogo-
nal regression is the most accurate slope predictor in
data sets with severe scatter, we derive an updated
relation by using only the orthogonal regression. We
have not analyzed a possible dependence of radio lu-
minosity on the linear diameter (L−D relation) be-
cause this relation is even more sensitive to severe
data scatter.

We applied our updated empirical relation to
estimate distances to 160 shell-like remnants with
unknown distances (Table 5 contains 225 SNRs in
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Table 4: Distances to 225 shell SNRs calculated from the updated Σ − D relation
and PDF-based analysis.

Catalog name Other name Flux density Orthogonal fit PDF distance

(Jy) (kpc)
Diameter Distance Mode Median Mean

(pc) (kpc)
G0.0+0.0 Sgr A East 100.0 7.7 9.0 7.5 7.5 7.5
G0.3+0.0 22.0 17.1 5.4 9.3 8.1 7.5
G1.0-0.1 15.0 16.3 7.0 3.9 10.3 9.0
G1.4-0.1 2.0 26.3 9.0 8.2 8.8 8.8
G3.7-0.2 2.3 27.8 7.7 6.6 7.1 7.1
G3.8+0.3 3.0 30.5 5.8 8.5 5.6 5.3
G4.2-3.5 3.2 35.7 4.4 6.7 4.8 4.8
G4.5+6.8a Kepler, SN1604, 3C358 19.0 10.7 12.3 11.2 11.2 9.1
G4.8+6.2 3.0 30.5 5.8 8.5 5.6 5.3
G5.2-2.6 2.6 31.3 6.0 5.3 5.6 5.3
G5.5+0.3 5.5 24.2 6.2 7.1 7.6 7.6
G5.9+3.1 3.3 31.2 5.4 4.7 5.1 4.7
G6.1+0.5 4.5 26.1 6.1 5.6 6.0 6.0
G6.4+4.0 1.3 44.2 4.9 18.4 7.0 5.7
G6.5-0.4 27.0 20.0 3.8 3.7 5.3 4.9
G7.0-0.1 2.5 29.4 6.7 10.2 6.3 6.3
G7.2+0.2 2.8 26.4 7.6 6.9 7.4 7.4
G7.7-3.7 1814-24 11.0 25.6 4.0 4.6 4.6 4.3
G8.3-0.0 1.2 21.3 16.3 24.3 22.7 19.8
G8.7-5.0 4.4 32.6 4.3 3.9 4.2 3.9
G8.7-0.1 (W30) 80.0 23.0 1.8 2.6 2.4 2.3
G8.9+0.4 9.0 27.6 3.9 3.4 3.7 3.7
G9.7-0.0 3.7 25.7 6.9 7.9 7.9 7.4
G9.8+0.6 3.9 24.8 7.1 8.5 8.5 7.9
G9.9-0.8 6.7 22.3 6.4 9.7 9.1 7.9
G10.5-0.0 0.9 25.2 14.4 16.9 16.9 15.8
G11.0-0.0 1.3 28.5 9.8 8.3 8.9 8.9
G11.1-1.0 5.8 24.8 5.8 6.9 6.9 6.4
G11.1-0.7 1.0 28.6 11.2 9.4 10.1 10.1
G11.1+0.1 2.3 26.5 8.3 7.5 8.1 8.1
G11.2-0.3a 22.0 11.6 10.0 4.5 4.8 5.2
G11.4-0.1 6.0 19.5 8.4 8.4 11.0 11.0
G11.8-0.2 0.7 22.6 19.4 29.1 27.2 25.4
G12.2+0.3 0.8 24.9 15.6 18.5 18.5 17.3
G12.7-0.0 0.8 25.7 14.7 16.9 16.9 15.8
G13.5+0.2 3.5 17.3 13.3 22.7 19.8 18.4
G14.1-0.1 0.5 27.2 17.1 15.1 16.1 16.1
G14.3+0.1 0.6 24.3 18.7 22.7 22.7 21.2
G15.1-1.6 5.5 31.6 4.1 3.5 3.8 3.5
G15.4+0.1 5.6 24.9 5.9 7.0 7.0 6.5
G15.9+0.2 5.0 18.0 10.4 18.4 14.9 13.9
G16.0-0.5 2.7 26.8 7.5 6.7 7.2 7.2
G16.2-2.7 2.5 30.9 6.2 9.0 6.0 5.6
G16.4-0.5 4.6 24.8 6.5 7.8 7.8 7.3
G17.0-0.0 0.5 26.3 18.1 16.5 17.7 17.7
G17.4-2.3 5.0 30.9 4.4 6.4 4.2 3.9
G17.4-0.1 0.4 29.4 16.9 25.6 15.8 15.8
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Table 4 – Continued

Catalog name Other name Flux density Orthogonal fit PDF distance

(Jy) (kpc)
Diameter Distance Mode Median Mean

(pc) (kpc)
G17.8-2.6 5.0 30.9 4.4 6.4 4.2 3.9
G18.1-0.1a 4.6 20.5 8.8 13.6 11.8 11.0
G18.6-0.2 1.4 23.1 13.2 19.4 18.1 16.9
G18.8+0.3a Kes 67 33.0 17.3 4.3 7.4 6.5 6.0
G19.1+0.2 10.0 28.3 3.6 3.1 3.3 3.3
G20.4+0.1 9.0 18.0 7.8 13.6 11.0 10.3
G21.0-0.4 1.1 27.0 11.7 10.4 11.1 11.1
G21.5-0.1 0.4 27.4 18.9 16.5 17.7 17.7
G21.6-0.8 1.4 31.1 8.2 7.3 7.8 7.3
G21.8-0.6a Kes 69 65.0 17.5 3.0 5.1 4.4 4.1
G22.7-0.2 33.0 22.1 2.9 4.5 4.2 3.6
G23.3-0.3a W41 70.0 19.4 2.5 2.5 3.3 3.3
G24.7-0.6 8.0 23.5 5.4 6.3 6.8 6.8
G25.1-2.3 8.0 37.1 2.6 3.9 3.9 3.1
G27.4+0.0a 4C-04.71 6.0 14.9 12.8 8.4 18.0 14.6
G28.6-0.1 3.0 25.0 8.0 9.4 9.4 8.8
G29.6+0.1 1.5 21.3 14.6 21.7 20.3 17.7
G30.7+1.0 6.0 28.2 4.7 4.0 4.3 4.3
G31.5-0.6 2.0 33.0 6.3 5.6 6.0 5.6
G31.9+0.0a 3C391 25.0 13.2 7.7 3.5 3.5 4.0
G32.0-4.9 3C396.1 22.0 33.0 1.9 1.7 1.8 1.7
G32.4+0.1 0.2 32.2 18.5 16.9 18.1 16.9
G32.8-0.1 Kes 78 11.0 23.2 4.7 6.9 6.4 6.0
G33.2-0.6 3.5 29.6 5.7 8.5 5.3 5.3
G33.6+0.1a Kes 79, 4C00.70, HC13 20.0 16.9 5.8 10.1 8.8 7.7
G35.6-0.4a 9.0 21.6 5.8 8.5 7.9 6.9
G36.6-0.7 1.0 42.8 5.9 4.7 8.1 7.1
G36.6+2.6 0.7 37.5 8.7 12.7 12.7 11.1
G40.5-0.5 11.0 25.6 4.0 4.6 4.6 4.3
G41.1-0.3a 3C397 25.0 10.6 10.9 10.0 10.0 8.1
G41.5+0.4 1.0 30.0 10.3 15.4 10.1 9.5
G42.0-0.1 0.5 31.5 13.5 11.8 12.7 11.8
G42.8+0.6 3.0 34.1 4.9 4.5 4.9 4.5
G43.3-0.2a W49B 38.0 9.9 9.8 9.7 9.1 8.4
G43.9+1.6 9.0 39.2 2.2 1.8 3.1 2.7
G45.7-0.4 4.2 30.9 4.8 7.0 4.6 4.3
G46.8-0.3a (HC30) 17.0 20.3 4.7 4.5 6.4 5.9
G49.2-0.7 (W51) 160.0 17.2 2.0 3.4 2.9 2.7
G53.6-2.2a 3C400.2, NRAO 611 8.0 30.9 3.5 5.1 3.3 3.1
G54.4-0.3a (HC40) 28.0 27.0 2.3 2.1 2.2 2.2
G55.0+0.3a 0.5 42.4 8.4 6.7 11.7 10.2
G55.7+3.4 1.0 41.4 6.2 5.1 8.8 7.7
G57.2+0.8 (4C21.53) 1.8 28.8 8.2 6.9 7.4 7.4
G59.5+0.1 3.0 28.4 6.5 5.5 5.9 5.9
G64.5+0.9 0.2 39.7 17.1 13.6 23.6 20.6
G65.1+0.6a 5.5 45.0 2.3 0.7 3.5 2.5
G65.3+5.7 42.0 52.3 0.7 0.4 0.4 0.3
G67.7+1.8 1.0 33.6 8.6 8.1 8.7 8.1
G69.7+1.0 2.0 30.7 7.1 10.3 6.8 6.3
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Table 4 – Continued

Catalog name Other name Flux density Orthogonal fit PDF distance

(Jy) (kpc)
Diameter Distance Mode Median Mean

(pc) (kpc)
G73.9+0.9 9.0 28.8 3.7 3.1 3.3 3.3
G74.0-8.5a Cygnus Loop 210.0 33.5 0.6 0.6 0.6 0.6
G78.2+2.1a DR4, gamma Cygni SNR 320.0 19.7 1.1 1.1 1.6 1.5
G82.2+5.3 W63 120.0 26.4 1.2 1.0 1.1 1.1
G83.0-0.3 1.0 27.5 11.9 10.4 11.1 11.1
G84.2-0.8a 11.0 23.7 4.5 5.3 5.7 5.7
G89.0+4.7a HB21 220.0 26.2 0.9 0.8 0.9 0.9
G93.3+6.9a DA 530, 4C(T)55.38.1 9.0 27.2 4.0 3.5 3.8 3.8
G93.7-0.2a CTB 104A, DA 551 65.0 29.9 1.3 1.9 1.2 1.2
G94.0+1.0a 3C434.1 13.0 27.0 3.4 3.0 3.2 3.2
G96.0+2.0a 0.3 53.2 7.0 3.9 3.9 3.6
G108.2-0.6a 8.0 40.5 2.3 1.8 3.1 2.7
G109.1-1.0a CTB 109 22.0 24.6 3.0 3.6 3.6 3.4
G111.7-2.1a Cassiopeia A, 3C461 2720.0 5.0 3.4 3.4 3.4 3.4
G114.3+0.3a 5.5 45.9 2.2 0.7 3.3 2.3
G116.5+1.1a 10.0 40.6 2.0 1.6 2.7 2.4
G116.9+0.2a CTB 1 8.0 32.2 3.3 3.0 3.2 3.0
G119.5+10.2a CTA 1 36.0 35.1 1.3 2.1 1.5 1.5
G120.1+1.4a Tycho, 3C10, SN1572 56.0 12.7 5.4 2.4 2.4 2.6
G126.2+1.6 6.0 45.0 2.2 0.7 3.3 2.4
G127.1+0.5a R5 12.0 33.2 2.5 2.3 2.4 2.3
G132.7+1.3a HB3 45.0 32.1 1.4 1.2 1.3 1.2
G152.4-2.1a 3.5 56.6 2.0 1.1 1.1 1.0
G156.2+5.7a 5.0 55.5 1.7 1.0 1.0 0.9
G160.9+2.6a HB9 110.0 32.6 0.9 0.8 0.8 0.8
G166.0+4.3a VRO 42.05.01 7.0 36.5 2.9 4.3 4.3 3.5
G178.2-4.2 2.0 54.7 2.8 1.5 1.5 1.4
G179.0+2.6 7.0 43.7 2.1 8.2 3.1 2.5
G180.0-1.7a S147 65.0 40.9 0.8 0.6 1.0 0.9
G182.4+4.3 0.5 63.9 4.4 1.4 1.5 1.6
G189.1+3.0a IC443, 3C157 164.7 20.0 1.5 1.5 2.1 2.0
G190.9-2.2a 1.3 58.7 3.1 1.7 1.7 1.4
G192.8-1.1 PKS 0607+17 20.0 37.2 1.6 2.4 2.4 2.1
G205.5+0.5a Monoceros Nebula 140.0 38.1 0.6 0.9 0.9 0.7
G206.9+2.3 PKS 0646+06 6.0 39.2 2.8 2.2 3.9 3.4
G213.0-0.6 21.0 47.4 1.1 0.3 0.8 1.0
G260.4-3.4a Puppis A, MSH 08-44 130.0 22.6 1.4 2.1 2.0 1.9
G261.9+5.5 10.0 31.1 3.1 2.7 2.9 2.7
G266.2-1.2 RX J0852.0-4622 50.0 36.8 1.1 1.6 1.6 1.3
G272.2-3.2 0.4 41.9 9.6 7.8 13.5 11.8
G279.0+1.1 30.0 37.1 1.3 2.0 2.0 1.7
G284.3-1.8 MSH 10-53 11.0 26.5 3.8 3.4 3.7 3.7
G286.5-1.2 1.4 30.7 8.4 12.3 8.1 7.6
G289.7-0.3 6.2 25.2 5.5 6.4 6.4 6.0
G290.1-0.8a MSH 11-61A 42.0 17.6 3.7 6.7 5.4 5.1
G292.2-0.5a 7.0 25.5 5.1 5.9 5.9 5.5
G294.1-0.0 2.0 44.8 3.9 1.2 5.8 4.1
G296.1-0.5 8.0 30.9 3.5 5.0 3.3 3.1
G296.5+10.0a PKS 1209-51/52 48.0 31.2 1.4 1.2 1.3 1.2
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Table 4 – Continued

Catalog name Other name Flux density Orthogonal fit PDF distance

(Jy) (kpc)
Diameter Distance Mode Median Mean

(pc) (kpc)
G296.7-0.9a 3.0 25.2 7.9 9.3 9.3 8.6
G296.8-0.3a 1156-62 9.0 24.0 4.9 5.7 6.1 6.1
G298.6-0.0 5.0 22.3 7.4 11.2 10.5 9.1
G299.2-2.9 0.5 39.2 9.6 7.7 13.4 11.7
G299.6-0.5 1.0 33.2 8.8 7.8 8.4 7.8
G301.4-1.0 2.1 39.3 4.6 3.7 6.5 5.6
G302.3+0.7 5.0 27.0 5.5 4.9 5.2 5.2
G304.6+0.1 Kes 17 14.0 16.6 7.1 12.7 11.0 9.6
G306.3-0.9 0.2 30.0 25.8 38.4 25.4 23.7
G308.1-0.7 1.2 32.1 8.5 7.3 7.8 7.3
G308.4-1.4a 0.2 37.1 15.0 22.3 22.3 18.1
G309.2-0.6 7.0 23.1 5.9 8.7 8.1 7.6
G309.8+0.0 17.0 23.5 3.7 4.3 4.7 4.7
G310.6-0.3 Kes 20B 5.0 20.2 8.7 8.4 11.8 11.0
G310.8-0.4 Kes 20A 6.0 22.8 6.5 9.7 9.1 8.5
G311.5-0.3 3.0 18.6 12.8 17.7 17.7 16.5
G312.4-0.4 45.0 24.1 2.2 2.5 2.7 2.7
G312.5-3.0 3.5 30.2 5.5 8.1 5.3 5.0
G315.4-2.3a RCW 86, MSH 14-63 49.0 24.7 2.0 2.4 2.4 2.3
G315.9-0.0 0.8 39.9 7.3 5.8 10.1 8.8
G316.3-0.0 (MSH 14-57) 20.0 22.1 3.8 5.8 5.4 4.7
G317.3-0.2 4.7 23.1 7.2 10.6 9.9 9.2
G318.2+0.1 3.9 38.4 3.5 5.0 5.0 4.4
G321.9-1.1 3.4 35.3 4.3 6.7 4.8 4.8
G321.9-0.3 13.0 26.7 3.4 3.1 3.3 3.3
G323.5+0.1 3.0 26.9 7.1 6.3 6.8 6.8
G327.2-0.1 0.4 27.4 18.9 16.5 17.7 17.7
G327.4+0.4a Kes 27 30.0 20.7 3.4 5.2 4.5 4.2
G327.4+1.0 1.9 30.2 7.4 11.0 7.2 6.8
G327.6+14.6a SN1006, PKS 1459-41 19.0 26.0 3.0 3.4 3.4 3.2
G329.7+0.4 34.0 25.0 2.4 2.8 2.8 2.6
G330.0+15.0 Lupus Loop 350.0 29.6 0.6 0.9 0.5 0.5
G330.2+1.0 5.0 22.8 7.1 10.6 9.9 9.2
G332.0+0.2 8.0 21.6 6.2 9.1 8.5 7.4
G332.4-0.4a RCW 103 28.0 15.8 5.4 3.1 7.7 6.7
G332.4+0.1 MSH 16-51, Kes 32 26.0 18.7 4.3 5.9 5.9 5.5
G332.5-5.6 2.0 42.6 4.2 3.3 5.8 5.0
G335.2+0.1 16.0 23.4 3.8 4.5 4.8 4.8
G336.7+0.5 6.0 22.7 6.6 9.8 9.2 8.6
G337.0-0.1a (CTB 33) 1.5 13.4 30.6 27.6 20.9 19.5
G337.2-0.7 1.5 22.8 13.1 19.4 18.1 16.9
G337.3+1.0 Kes 40 16.0 19.7 5.0 5.0 7.1 6.6
G337.8-0.1a Kes 41 18.0 15.3 7.1 4.6 9.8 7.9
G338.1+0.4 4.0 26.9 6.2 5.5 5.9 5.9
G338.3-0.0a 6.7 19.1 8.2 8.4 11.0 11.0
G340.4+0.4 5.0 20.6 8.4 13.0 11.3 10.6
G340.6+0.3a 5.0 18.1 10.4 18.1 14.7 13.7
G341.9-0.3 2.5 21.9 10.8 16.6 15.5 13.5
G342.0-0.2 3.5 23.9 7.9 9.1 9.8 9.8
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Table 4 – Continued

Catalog name Other name Flux density Orthogonal fit PDF distance

(Jy) (kpc)
Diameter Distance Mode Median Mean

(pc) (kpc)
G342.1+0.9 0.5 33.6 12.2 11.5 12.3 11.5
G343.1-0.7 7.8 28.2 4.1 3.5 3.7 3.7
G344.7-0.1a 2.5 25.2 8.7 10.1 10.1 9.5
G345.7-0.2 0.6 27.2 15.6 13.7 14.7 14.7
G346.6-0.2a 8.0 18.4 7.9 11.0 11.0 10.3
G347.3-0.5 RX J1713.7-3946 30.0 31.1 1.8 2.6 1.7 1.6
G348.5-0.0 10.0 19.3 6.6 6.7 8.8 8.8
G348.5+0.1a CTB 37A 72.0 15.4 3.5 2.1 5.1 4.5
G348.7+0.3a CTB 37B 26.0 19.7 4.0 3.9 5.6 5.2
G349.2-0.1 1.4 25.0 11.7 13.8 13.8 12.9
G349.7+0.2a 20.0 9.5 14.5 11.4 12.2 12.2
G350.0-2.0 26.0 28.6 2.2 1.8 2.0 2.0
G351.7+0.8 10.0 23.0 5.0 7.3 6.8 6.4
G351.9-0.9 1.8 27.2 9.0 7.9 8.5 8.5
G352.7-0.1a 4.0 20.0 9.9 9.7 13.7 12.8
G353.6-0.7 2.5 38.4 4.4 6.3 6.3 5.5
G353.9-2.0 1.0 33.2 8.8 7.8 8.4 7.8
G354.8-0.8 2.8 31.5 5.7 5.0 5.3 5.0
G355.4+0.7 5.0 31.4 4.3 3.8 4.1 3.8
G355.6-0.0 3.0 21.1 10.5 15.7 14.6 12.8
G355.9-2.5 8.0 22.2 5.9 9.0 8.4 7.3
G356.2+4.5 4.0 32.7 4.5 4.1 4.3 4.1
G356.3-1.5 3.0 30.0 6.0 8.9 5.9 5.5
G356.3-0.3 3.0 23.1 9.1 13.3 12.4 11.6
G357.7+0.3 10.0 27.0 3.9 3.4 3.7 3.7
G358.0+3.8 1.5 46.5 4.2 1.3 3.3 4.0
G358.1+0.1 2.0 34.3 5.9 5.4 5.8 5.4
G358.5-0.9 4.0 28.2 5.7 4.9 5.2 5.2
G359.0-0.9 23.0 22.6 3.4 5.1 4.7 4.4
G359.1-0.5a 14.0 25.3 3.6 4.2 4.2 3.9
G359.1+0.9 2.0 27.7 8.3 7.2 7.7 7.7

Notes.
a SNRs belonging to our updated calibration sample from Table 1. As their distances have been calculated
by using the orthogonal fit or PDF-based method, these distances could be significantly different than those
in Table 1 which were obtained by using methods mentioned in Paragraph 1.

total, calibrators are also included). We also give
distances inferred from the PDF calibration, in the
form of three basic statistical properties of these dis-
tributions: the median, mode and mean.

We have also applied our relation for estimat-
ing distances to five new faint SNRs, discovered with
CGPS. PDF-based calculation gives the following re-
sults for these SNRs: 2.3 or 1.3 kpc for G108.5+11.0,
4.0 or 2.3 kpc for G128.5+2.6, 1.3 or 2.2 kpc for
G149.5+3.2 kpc, 2.9 kpc G150.8+3.8 and 4.7 kpc
for G160.1−1.1. Two distance estimates for each
of SNRs G108.5+11.0, G128.5+2.6 and G149.5+3.2
have approximately the same probability but never-

theless, we suggest using the mode values 2.3, 4.0 and
1.3 kiloparsecs corresponding to the most dominant
peak in PDF distribution. For SNRs G150.8+3.8 and
G160.1−1.1 the most probable value (mode) can be
used with high confidence.

Although we applied two different methods for
distance determination, we expect results obtained
by using the PDF-based statistics to be more ac-
curate and more reliable. Nevertheless, PDF-based
estimates should also be used with caution (as well
as those obtained with the orthogonal fitting) be-
cause uncertainties could be as large as about 35-
40 % (Vukotić et al. 2014).
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Taking into account a typical evolution
timescale (105 yr) of SNRs and an event rate of two
supernovae per century in the Galaxy (Dragicevich
et al. 1999), 2000 SNRs are expected in our Galaxy.
Thus, there are still many ”missing” Galactic SNRs,
due to difficulties in identifying low surface bright-
ness objects as well as due to the non-conspicuous
unresolved ”point”-like appearance of very distant
SNRs. In the future, high resolution and sensitivity
large-scale radio, X−ray and γ−ray surveys of our
Galaxy would be crucial in the detection of never-
before-seen faint SNRs.
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J. and Tung, A.: 2014, Astron. Astrophys,
566, A76.

Giacani, E. B., Dubner, G. M., Green, A. J., Goss,
W. M. and Gaensler, B.M.: 2000, Astron. J.,
119, 281.

Giacani, E., Smith, M. J. S., Dubner, G., Loiseau,
N., Castelletti, G. and Paron, S.: 2009, As-
tron. Astrophys, 507, 841.

Giacani, E., Smith, M. J. S., Dubner, G. and Loiseau,
N.: 2011, Astron. Astrophys, 531, 138.

Green, D. A.: 1984, Mon. Not. R. Astron. Soc.,
209, 449.

Green, D. A.: 2004, Bull. Astr. Soc. India, 32, 335.
Green, D. A.: 1991, Publ. Astron. Soc. Pacific, 103,

209.
Green D. A.: 2014, ’A Catalogue of Galac-

tic Supernova Remnants (2014 May
version)’, Cavendish Laboratory, Cam-
bridge, United Kingdom (available at
”http://www.mrao.cam.ac.uk/surveys/snrs/”).

Huang, Y.-L. and Thaddeus, P.: 1985, Astrophys.
J., 295, L13.

Jeong, I-G., Koo, B-C., Cho, W.K., Kramer, C.,
Stutzki, J. and Byun, D-Y.: 2013, Astrophys.
J., 770, 105.

Jiang, B., Chen, Y., and Wang, Q. D.: 2007, Astro-
phys. J., 670, 1142.

Jiang, B., Chen, Y., Wang, J., Su, Y., Zhou, Xin.,
Safi-Harb, S. and DeLaney, T.: 2010, Astro-
phys. J., 712, 1147.

Junkes, N., Fuerst, E. and Reich, W.: 1992, Astron.
Astrophys. Suppl. Series, 96, 1.

Kothes, R. and Foster, T.: 2012, Astrophys. J., 746,
L4.

Leahy, D. A. and Tian, W. W.: 2007, Astron. As-
trophys, 461, 1013.

Leahy, D. A. and Green, K. S.: 2012, Astrophys. J.,
760, 25.

Leahy, D., Green K. and Tian, W.: 2014, Mon. Not.
R. Astron. Soc., 438, 1813.
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A�URIRANA RELACIJA IZME�U POVRXINSKOG RADIO-SJAJA I
DIJAMETRA ZA GALAKTIQKE OSTATKE SUPERNOVIH

M. Z. Pavlović1, A. Dobardžić1, B. Vukotić2 and D. Urošević1

1Department of Astronomy, Faculty of Mathematics, University of Belgrade
Studentski trg 16, 11000 Belgrade, Serbia
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2Astronomical Observatory, Volgina 7, 11060 Belgrade 38, Serbia
E–mail: bvukotic@aob.rs

UDK 524.354–77
Originalni nauqni rad

Predstavǉamo a�uriranu empirijsku
relaciju izme�u povrxinskog radio-sjaja i
dijametra (Σ − D) za ostatke supernovih u
naxoj Galaksiji. Nax prvobitni kalibra-
cioni uzorak Galaktiqkih ostataka sa neza-
visno odre�enim daǉinama je ponovo razmat-
ran i dopuǌen podacima koji su publiko-
vani u prethodne dve godine. Na kalibra-
cioni uzorak u log Σ−log D skali je primeǌena
metoda ortogonalnog fitovaǌa kao i metoda
bazirana na funkciji gustine verovatno�e.
Primenom nestandardne ortogonalne regre-
sije postignuta je invarijantnost relacija
Σ − D i D − Σ, u okviru intervala proce-
ǌene grexke. Naxe prethodne Monte Karlo
simulacije pokazale su da bi nagibi em-
pirijskih Σ − D relacija trebalo da budu
odre�ivani primenom ortogonalne regresije,
koja se dobro pokazala u primeni na uzorke
sa znaqajnim rasturaǌem taqaka. Najnoviji
uzorak kalibratora sadr�i 65 ǉuskastih os-
tataka. Xest novih ostataka supernovih je
dodato u uzorak iz rada Pavlovi�a i sarad-
nika (2013, u daǉem tekstu Qlanak I), jedan

je izostavǉen i izmeǌene su daǉine za 10
ostataka. Novi nagib je neznatno strmiji
(β ≈ 5.2) od nagiba Σ − D relacije iz Qlanka
I (β ≈ 4.8). Metoda bazirana na funkciji
gustine verovatno�e koristi mape gustine
koje omogu�avaju pouzdanija izraqunavaǌa i
quvaju vixe informacija sadr�anih u kali-
bracionom uzorku. Izraqunali smo daǉine do
pet novih slabih galaktiqkih ostataka super-
novih otkrivenih po prvi put od strane Cana-
dian Galactic Plane Survey i dobijene su daǉine
redom 2.3, 4.0, 1.3, 2.9 i 4.7 kiloparseka za
G108.5+11.0, G128.5+2.6, G149.5+3.2, G150.8+3.8
i G160.1−1.1. Koriste�i a�uriranu em-
pirijsku relaciju, odredili smo daǉine do
ǉuskastih Galaktiqkih ostataka i dobijeni
rezultati meǌaju ǌihovu skalu daǉina i do
15 procenata, u odnosu na Qlanak I. Raqunaǌe
iz funkcije gustine verovatno�e mo�e ponekad
dati nekoliko puta ve�e ili maǌe vrednosti
u pore�eǌu sa vrednostima dobijenim orto-
gonalnim fitom ali u proseku ova razlika
iznosi 32, 24 i 18 procenata za modu, medi-
janu i sredǌu vrednost daǉine.
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