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ABSTRACT

Context. S147 is a large faint shell-type supernova remnant (SNR) known for its remarkable spectral break at cm-wavelength, which
is an important physical property to characterize SNR evolution. However, the spectral break is based on radio observations with
limited precision.
Aims. New sensitive observations at high frequencies are required for a detailed study of the spectral properties and the magnetic field
structure of S147.
Methods. We conducted new radio continuum and polarization observations of S147 at λ11 cm and at λ6 cm with the Effelsberg
100-m telescope and the Urumqi 25-m telescope, respectively. We combined these new data with published lower-frequency data
from the Effelsberg 100-m telescope, and with very high-frequency data from WMAP to investigate the spectral turnover and polar-
ization properties of S147.
Results. S147 consists of numerous filaments embedded in diffuse emission. We found that the integrated flux densities of S147 are
34.8±4.0 Jy at λ11 cm and 15.4±3.0 Jy at λ6 cm. These new measurements confirm the known spectral turnover at ∼1.5 GHz, which
can be entirely attributed to the diffuse emission component. The spectral index above the turnover is α = −1.35 ± 0.20 (S ∼ να). The
filamentary emission component has a constant spectral index over the entire wavelength range up to 40.7 GHz of α = −0.35 ± 0.15.
The weak polarized emission of S147 is at the same level as the ambient diffuse Galactic polarization. The rotation measure of the
eastern filamentary shell is about −70 rad m−2.
Conclusions. The filamentary and diffuse emission components of S147 have different physical properties, which make S147 out-
standing among shell type SNRs. We attribute the weak polarization of S147 at λ11 cm and at λ6 cm to a section of the S147 shell
showing a tangetial magnetic field direction.
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1. Introduction

The extended object Shajn 147 (S147) has long, beautiful del-
icate filaments visible in the optical bands, and is located in
the anti-center of the Galaxy. It was first classified as a possi-
ble shell-type supernova remnant (SNR) by Minkowski (1958)
and van den Bergh (1960). The distance to S147 was estimated
to be around 1 kpc (Clark & Caswell 1976; Kundu et al. 1980),
using the so called Σ-D relation (Milne 1979). The interstellar
reddening toward the SNR (Fesen et al. 1985) suggests a smaller
distance of 0.8 kpc. This is supported by absorption lines of the
B1e star HD 36665 at 880 pc originating from high velocity gas
of S147 (Phillips et al. 1981; Sallmen & Welsh 2004). The ex-
pansion velocity of the shell is about 80−120 km s−1 (Phillips
et al. 1981; Kirshner & Arnold 1979). The age of S147 was
estimated to be ∼2 × 105 yr through the radiative blast wave’s
Sedov-Taylor solution (Sofue et al. 1980; Kundu et al. 1980).
The PSR J0538+2817 has been discovered within the boundary
of S147 (Anderson et al. 1996), and is probably physically asso-
ciated with the SNR (Anderson et al. 1996; Ng et al. 2007). The
kinematic age of the pulsar, if originated from the SNR center, is

� Figures 1 and 2 are available in FITS format at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/482/783

about ∼4× 104 yr. The parallax of the pulsar suggests a distance
of 1.47+0.42

−0.27 kpc (Ng et al. 2007).

DeNoyer (1974) summarized early radio maps of S147 be-
tween 178 MHz and 1420 MHz. She obtained a flux density
spectral index of α = −0.67 ± 0.37, revealing S147 as a SNR.
Later, radio observations of S147 at 1648 MHz and 2700 MHz
were made by Kundu et al. (1980), and the southern part of the
SNR was observed at 4995 MHz by Sofue et al. (1980). These
high-frequency observations suggested a spectral turnover near
1.5 GHz with a flat spectrum at lower frequencies and a steep
spectrum at higher frequencies. The turnover needs to be con-
firmed due to large uncertainties in the low-frequency measure-
ments and the fact that the observation at 4995 MHz covered
only the southern part of the remnant. Later sensitive measure-
ments, at 1425 MHz and 2695 MHz, by Fürst & Reich (1986)
could not improve the integrated radio spectrum, but revealed
spectral index variations across S147. Regions of bright fila-
ments show a flux density spectral index of about α = −0.5,
while regions in between show a spectral index near α = −1.0.
The observation at 863 MHz by Reich et al. (2003) provided a
more precise flux density at a low frequency, but did not improve
on the uncertainty in the spectrum. The 2695 MHz radio map
made by Fürst & Reich (1986) for the first time showed linearly
polarized emission associated with some filamentary structure.
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Detailed information from this polarization observation cannot
be derived due to an insufficient signal-to-noise ratio.

One goal of this work is to use the new sensitive λ6 cm
receiver at the Urumqi 25-m radio telescope to obtain a com-
plete radio map at this band for a detailed study of the spec-
tral turnover. Here we present results of total power and lin-
ear polarization maps at 4800 MHz (λ6 cm). We also present
new observations at 2639 MHz (λ11 cm) with the Effelsberg
100-m radio telescope and unpublished polarization data at
1420 MHz (λ21 cm) obtained from the “Effelsberg Medium
Galactic Latitude Survey” (Reich et al. 2004). The new obser-
vations and the data processing are described in Sect. 2. The in-
vestigation of the integrated radio spectrum and possible spectral
variations across the remnant are discussed in Sect. 4. The radio
polarization and the rotation measure toward S147 are analyzed
in Sect. 5. The results are summarized in Sect. 6.

2. Observations and data processing

New observations of S147 have been made with the Urumqi
25-m radio telescope at λ6 cm and Effelsberg 100-m radio tele-
scope at λ11 cm. The main parameters are listed in Table 1.

2.1. Observations at λ6 cm

We made continuum and polarization observations of S147 be-
tween January 2005 and February 2006. We scanned the large
area of S147 along Galactic longitude or Galactic latitude direc-
tion. Five coverages of the field of (∆l×∆b) = (5◦ ×5◦) centered
on (l, b) = 180.◦2,−1.◦7 were observed in January 2005, four cov-
erages (∆l × ∆b) = (4.◦2 × 4.◦2) centered on (l, b) = 180.◦1,−1.◦5
were added at the end of 2005, and five additional maps of
(∆l × ∆b) = (5◦ × 5◦) centered on (l, b) = 180.◦2,−1.◦6 were
observed again in February 2006. We moved the telescope with
a scanning velocity between 2′/s and 3′/s. The sampling and the
pixel size of the map were 3′. There is one map scanned with
a narrow bandwidth (295 MHz instead of 600 MHz) to mask
interference from InSat (see Sun et al. 2007), so the effective to-
tal integration time is about 18.6 s per pixel and the theoretical
sensitivity is about 0.2 mK TA, using σI = Tsys/

√
∆ντ, where

Tsys is the system temperature, TA is the antenna temperature,
∆ν is the bandwidth, and τ is the integration time. The quoted
sensitivity corresponds to 0.3 mK TB, where TB is the brightness
temperature.

The raw data from the four backend channels (RR∗, LL∗,
RL∗, LR∗), together with time information and telescope posi-
tion were stored in the MBFITS format (Muders et al. 2007), and
subsequently converted into the NOD2 format (Haslam 1974) to
be further processed by the NOD2 based data reduction pack-
age under a Linux operation system. We edited the individual
maps to remove any interference, to correct baseline curvatures
by polynomial fitting and to suppress “scanning effects” by ap-
plying an “unsharp masking method” (Sofue & Reich 1979) es-
pecially for the U and Q maps. Finally, we re-tabulated all maps
into a map size of 5◦ × 5◦ centered on l, b = 180.◦2,−1.◦7 with a
pixel size of 4′, and “weaved” all maps together applying the
method of Emerson & Gräve (1988), which “destripes” a set
of maps in the Fourier domain. We finally corrected the polar-
ization map from the positive noise bias following Wardle &
Kronberg (1974).

The Urumqi λ6 cm total intensity map of S147 and
polarization intensity map with vectors overlaid in magnetic
field direction are shown in Fig. 1. The total intensity map clearly

Table 1. Observational parameters.

Wavelength λ6 cm λ11 cm
Frequency 4800 MHz 2639 MHz
Bandwidth 600 MHz 80 MHz
HPBW [′] 9.5 4.4
aperture efficiency[%] 62 53
beam efficiency[%] 67 58
Tsys[K] 22 17
TB[K]/S[Jy] 0.164 2.60
Main Calibrator 3C 286 3C 286

Flux Density 7.5 Jy 11.5 Jy
Polarization Percentage 11.3% 9.9%
Polarization Angle 33◦ 33◦

No. of coverages 14 6
pixel integration time [s] 18.6 3
rms (total intensity) [mK] 0.7∗ 5.0
rms (polarized intensity) [mK] 0.3∗ 3.5

∗The quoted sensitivity at λ6 cm is valid for the area l = 178.◦0 to l =
182.◦2, b = −3.◦6 to b = −0.◦6 (see text).

reveals the spherical SNR shell with a hollow region in its cen-
ter. The rms-noise in the common area of all coverages (see
Table 1) in total intensity is 0.7 mK TB and in polarized intensity
is 0.3 mK TB. These values are slightly larger than expected. It
could be partially caused by confusion. Uyanıker et al. (1999)
found a confusion limit of 15 mK TB at 1400 MHz, which con-
verts to 0.48 mK TB at λ6 cm based on a flux density spectral
index of α = −0.9 (Zhang et al. 2003). Combining this value
with the theoretically expected value, we obtain an rms-noise
of 0.5 mK TB. Another part may be explained by residual gain
fluctuations, “scanning effects”, atmospheric and ground radia-
tion variations, and low-level interference close to the noise level
(Sun et al. 2006).

2.2. Observations at λ11 cm

We observed S147 at λ11 cm with a new receiver installed
in 2005 in the secondary focus of the Effelsberg 100-m radio
telescope. The map size is 5◦ × 5◦ centered at l, b = 180.◦2,−1.◦6.
We made six coverages along Galactic longitude and Galactic
latitude direction with a scanning velocity of 4′/s. We processed
the maps in the NOD2 format based standard reduction pack-
age for observations with the Effelsberg 100-m telescope. Bad
data caused by strong interference were blanked. Scanning ef-
fects were suppressed by using the method of “unsharp mask-
ing” developed by Sofue & Reich (1979). Finally, we “weaved”
together all edited maps applying the method of Emerson &
Gräve (1988).

The λ11 cm maps are shown in Fig. 2. The rms-noise in total
intensity (upper panel) is measured to be 5.0 mK TB. In polarized
intensity, we found a value of 3.5 mK TB. Because of the higher
angular resolution of 4.′4, the shell and the filamentary structures
can be more clearly identified than in the λ6 cm map.

3. Comparison of radio and optical observations

We used the λ11 cm total intensity map at the original angu-
lar resolution after subtraction of the point-like sources listed
in Table 2 to separate small-scale and large-scale structures ap-
plying the “background filtering” (BGF) procedure, invented by
Sofue & Reich (1979), where a filtering beam of 12′ was used.
A comparison of the small-scale radio structure with optical fil-
aments of S147 is displayed in Fig. 3, which demonstrates an
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Fig. 1. The Urumqi λ6 cm map of S147 at an angular resolution of 9.′5.
The upper panel shows the total intensity map. The lower panel shows
the polarization intensity map with contours of total intensities overlaid
(the strong point-like sources listed in Table 2 have been subtracted).
Contours start at 10 mK TB, and increase by a factor of

√
2. The bars

show the orientation of the magnetic field (E+ 90◦) for the case of neg-
ligible Faraday rotation. Their length is proportional to the polarized
intensity.

excellent agreement, even faint optical structures of the blow-
outs toward north-east and south-west are visible in both bands.

We also overlay the radio filamentary structures on the
Hα map compiled by Finkbeiner (2003) in Fig. 4, and find
a rather good positional coincidence when inspecting individ-
ual filaments. However, we find large variations in the rela-
tive intensities, which have been already mentioned by Sofue
et al. (1980). These variations may be explained by either
stronger magnetic fields in the radio bright filaments and/or
lower temperatures/densities in the optically-bright filaments.
The measured temperature and density variations (Fesen et al.
1985; D’Odorico & Sabbadin 1977) support this conclusion.
D’Odorico & Sabbadin (1977) obtained an average electron den-
sity of about 250 cm−3 assuming an electron temperature of
104 K and showed that the compression by an adiabatic shock
is insufficient to obtain these densities. Obviously, at least parts
of S147 are already in the cooling phase of SNR evolution.

Fig. 2. Same as Fig. 1 but showing the Effelsberg λ11 cm maps at an
angular resolution of 4.′4. Contours start from 50 mK TB and increase
by a factor of 2.

4. Spectral properties of S147

4.1. The integrated radio spectrum of S147

The new observations with the Urumqi 25-m radio telescope
provide the first complete map of S147 at λ6 cm. In order to es-
timate the integrated flux density of S147, we subtracted eleven
strong point-like sources (see Table 2) toward S147 from the
λ6 cm and λ11 cm maps. The flux densities of these sources have
previously been listed by Fürst et al. (1982), and agree within
0.1 Jy to those in Table 2. We calculated the integrated flux den-
sity with the method of ring integration by summing up the emis-
sion in concentric rings centered on l, b = 180.◦2,−1.◦6. The inte-
gration stopped at a radius of 2.◦0. Beyond this radius, we found
an average base-level of 8.7 mK TB at λ11 cm and of 1.9 mK TB
at λ6 cm. We have subtracted these base-levels from the maps
before calculating the flux density of S147. Taking these local
base-levels into account, polygon integrations at the two wave-
lengths just outside the periphery of S147 result in the same flux
density values as obtained from the method of ring integration.
From variations just outside S147 we found the uncertainty in
the base-levels to be 2 mK TB at λ11 cm and 1 mK TB at λ6 cm.
Considering 5% of other uncertainties including calibration, the

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078461&pdf_id=1
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078461&pdf_id=2
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Table 2. Strong point-like sources in the boundary of S147 detected by Effelsberg at λ11 cm and Urumqi at λ6 cm. The flux density is given by
the peak flux of two-dimensional Gaussian fits.

Source α1950 δ1950 α2000 δ2000 S 11 cm S 6 cm

(h m s) (◦ ′ ′′) (h m s) (◦ ′ ′′) (mJy) (mJy)
0531+275 05 31 18.3 27 30 24 05 34 26.6 27 32 23 533± 37 287± 44
0531+279 05 31 21.7 27 53 41 05 34 30.6 27 55 39 383± 33 265± 24
0533+282 05 32 48.2 28 09 24 05 35 57.5 28 11 16 135± 11 51± 14
0533+272 05 33 05.6 27 10 43 05 36 13.5 27 12 33 115± 13 84± 13
0534+284 05 34 13.5 28 24 41 05 37 23.2 28 26 26 107± 13 130± 20
0535+266 05 34 33.1 26 37 25 05 37 40.2 26 39 09 86± 12
0536+285 05 36 20.5 28 30 19 05 39 30.4 28 31 56 133± 10 71± 18
0538+287 05 38 06.3 28 41 14 05 41 16.5 28 42 43 762± 46 527± 47
0539+290 05 39 02.7 29 00 20 05 42 13.4 29 01 45 665± 42 435± 33
0541+269 05 41 03.4 26 55 07 05 44 11.0 26 56 23 146± 16
0544+273 05 44 27.5 27 20 58 05 47 35.7 27 21 59 262± 17 251± 22

Fig. 3. Left panel: the filamentary structure of S147 at λ11 cm with most of strong point-like sources and diffuse large-scale (>12′) emission
component subtracted (see text for details). Right panel: the optical image of S147 (Credit: Digitized Sky Survey, ESA/ESO/NASA, http://
antwrp.gsfc.nasa.gov/apod/ap051129.html).

flux density values are 34.8± 4.0 Jy at λ11 cm and 15.4± 3.0 Jy
at λ6 cm. Figure 5 displays the integrated spectrum of S147 in-
cluding available low-frequency flux density data.

Reich et al. (2003) placed the turnover frequency between
1.5 GHz and 2 GHz using the extrapolated flux density of the
incomplete 5 GHz map observed by Sofue et al. (1980). The
extrapolated flux density value as well as the spectral turnover
at ∼1.5 GHz are clearly confirmed by new measurements at
λ6 cm and λ11 cm. The spectrum is flat at lower frequencies
and steepens toward frequencies higher than 1 GHz to 2 GHz.
The low-frequency spectrum has a spectral index of about α ∼
−0.30±0.15. The spectral index is about α ∼ −1.20±0.30 above
the break frequency. The relatively large error at high frequen-
cies is mainly caused by the still large uncertainty of the flux
density at 4800 MHz (λ6 cm), which, in principle, is very diffi-
cult to reduce for faint large diameter objects like S147 located
in the Galactic plane.

4.2. The spectral index map of S147

The Urumqi λ6 cm and the Effelsberg λ11 cm maps with point-
like sources and constant base-levels removed were both con-
volved to a common angular resolution of 10′. We estimated the
relative position accuracy of the two maps by using the positions
of point-like sources from Table 2. We found the mean positional
difference to be 6′′ with a maximum of 28′′.

Fig. 4. The filamentary structures of S147 observed at λ11 cm is over-
laid with Hα map (Finkbeiner 2003). The angular resolution of the Hα
map is 6′. The contours at λ11 cm start at 20 mK TB and run in steps of
35 mK TB.

We display the spectral index map between λ11 cm and
λ6 cm in Fig. 6. We calculated the spectral index of each pixel

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078461&pdf_id=3
http://antwrp.gsfc.nasa.gov/apod/ap051129.html
http://antwrp.gsfc.nasa.gov/apod/ap051129.html
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078461&pdf_id=4
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Fig. 5. Spectrum of the integrated radio flux densities of S147. The low-
frequency spectrum has a spectral index of α ∼ −0.30 ± 0.15. Above
the break the spectral index is α ∼ −1.20 ± 0.30. The S147 integrated
flux densities are taken from Fürst & Reich (1986); Reich et al. (2003);
and Kovalenko et al. (1994). We omitted the λ6 cm flux density value
obtained by Sofue et al. (1980), because this measurement did not cover
the entire source. Reich et al. (2003) have corrected the values for the
contribution of point-like sources as listed by Fürst et al. (1982), as-
suming a mean source spectral index of α = −0.75 at frequencies lower
than 408 MHz.

from the brightness temperatures at the two frequencies. In or-
der to achieve accurate spectral indices and to exclude the in-
fluence of systematic effects we set a lower flux density limit of
40 mK TB and 6 mK TB for the λ11 cm and λ6 cm map, respec-
tively. The possible variations of the base-levels at λ11 cm and
λ6 cm cause an uncertainty of the spectral indices of ∆α ∼ 0.3.
The uncertainty is largest where the total intensity is small.
The general result of a much flatter radio spectrum of the fila-
ments compared with the large-scale component is not altered.
However, systematic errors make it difficult to derive positional
spectral index variations of the large scale component. The spec-
trum for regions with bright radio filaments, particularly in the
eastern and northern part of S147, is much flatter than for re-
gions with less pronounced filaments and for the large-scale dif-
fuse emission component near the center. As seen in the total
intensity maps, faint, extended Galactic emission exists outside
of S147. Such emission features may also exist in the projected
region toward S147, leading to variations of the spectral index.

4.3. T–T plot analysis

The temperature−temperature (T−T ) plot is a method (Turtle
et al. 1962) to investigate the spectral behavior, independent
from a constant base-level across the source. We used the maps
at an angular resolution of 10′ at λ11 cm and λ6 cm to check the
spectral index of the filamentary and diffuse emission compo-
nents. We first decomposed both maps into small-scale filamen-
tary structures and large-scale diffuse emission component with
the BGF procedure described by Sofue & Reich (1979) with a
filtering beam of 18′ and cut-values of 100 mK TB at λ11 cm
and 25 mK TB at λ6 cm. The resultant TT -plots for the fil-
aments and for the diffuse emission component are shown in
Fig. 7. They have largely different spectral indices. We found
the steep spectrum with a spectral index of α = −1.35 ± 0.20
for the diffuse emission component, while we found a spectral
index α = −0.43±0.10 for the filamentary emission component.
This index is slightly steeper than the integrated low-frequency

Fig. 6. Spectral index map calculated between λ11 cm and λ6 cm at
10′ angular resolution. The overlaid contours represent total intensities
at λ11 cm (with point-like sources listed in Table 2 subtracted), starting
from 50 mK TB and increasing by a factor of 2.

spectrum (α = −0.30 ± 0.15), but is comparable considering the
quoted uncertainties. The quoted errors include the statistical er-
ror (number of data points reduced to one per HPBW) as well
as the error, which follows from fitting the data twice, alterna-
tively taking the data of one of the two wavelengths as indepen-
dent variable. The result in Fig. 7 may be affected by possible
variations of the base-levels across S147. This was inspected us-
ing TT -plots of four smaller regions separated by l = 180.◦0
and b = −1.◦9. For the filamentary component, the variation of
the spectral index is within the quoted error of ∆α = ±0.10.
Therefore, the filamentary emission component probably has
a fairly straight radio spectrum over the accessible frequency
range. For the diffuse emission component the spectral index
varies between α = −1.10 and α = −1.56. There is no doubt
that the radio spectrum of the diffuse emission component is
much steeper than that of the filamentary component. This is in
agreement with the result from the spectral index map. It is en-
tirely the diffuse emission component that produces the spec-
tral turnover around 1.5 GHz. The integrated flux densities of
the separated diffuse and filamentary emission components are
∼22.8 Jy and ∼12 Jy at λ11 cm, and ∼ 8.4 Jy and ∼7 Jy at λ6 cm,
respectively, which also shows the difference of spectral indices
of the two components.

It is clear that above 4800 MHz the flux density of the radio
filaments dominates the integrated flux density of S147, causing
a spectral flattening toward higher frequencies. To check this, we
inspected the WMAP data in all five bands between 22.8 GHz
and 93.5 GHz (Hinshaw et al. 2007) for a signature of S147.
We are able to clearly trace S147 up to the highest frequency
especially its region with strong radio filaments near l = 181◦.

We convolved all WMAP data and the λ11 cm map to the
beam size of the 22.8 GHz map (49′). We separated the filamen-
tary emission component of S147 in all maps by applying the
BGF procedure described by Sofue & Reich (1979), using a fil-
tering beam size of 50′. As an example, we show the WMAP
data at 40.7 GHz in Fig. 8 at 49′ angular resolution in compar-
ison with the filamentary emission component of the Effelsberg
λ11 cm map at the original angular resolution. To check the
spectral index, we performed a T−T Plot (Fig. 9) for the

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078461&pdf_id=5
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078461&pdf_id=6
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Fig. 7. The T−T plot for the filamentary and diffuse emission components of S147 between λ11 cm and λ6 cm. Filamentary emission component
in general has a spectral index of α = −0.43 ± 0.10. The diffuse emission component has a spectral index of α = −1.35 ± 0.20.

Fig. 8. The filamentary emission component of S147 at 40.7 GHz
(grayscale) observed by WMAP at an angular resolution of 49′. λ11 cm
contours of Effelsberg measurements at an angular resolution of 4.′4
start at 20 mK TB and run in steps of 35 mK TB.

filamentary emission component at 40.7 GHz and λ11 cm of the
area l = 180.◦8 to l = 181.◦9, b = −0.◦87 to b = −2.◦7. We found
the spectral index to be α = −0.31 ± 0.20, which is consistent
with that between λ11 cm and λ6 cm. A similar spectral index for
the filamentary emission component is obtained between λ11 cm
and 22.8 GHz and 33.0 GHz, respectively.

From the various methods we may derive a spectral index for
the filamentary emission component of α = −0.35± 0.15. Using
the flux density of 7 Jy for the filamentary structures at λ6 cm,
we calculate the flux density of filamentary emission compo-
nent to 3.5 Jy at 40.7 GHz, 4.3 Jy at 22.8 GHz, and 3.8 Jy at
33.0 GHz. The flux density of the diffuse emission component
of S147 at 40.7 GHz or other WMAP frequencies can not be
determined since a separation of this component from the under-
lying stronger large-scale Galactic emission is not possible.
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Fig. 9. The T−T Plot of filamentary emission component at λ7 mm
(40.7 GHz) and λ11 cm. The spectral index is α = −0.31 ± 0.20.

At 60.8 GHz and 93.5 GHz the emission in the quoted area
increases significantly, which is most likely due to thermal dust
emission associated with the SNR.

We show all flux densities up to 40.7 GHz in Fig. 10, where
the WMAP values miss the small contribution from the diffuse
emission component. In addition, we have plotted the supposed
straight spectrum of the filamentary component with a spectral
index of α = −0.35. We have also plotted the contribution of
the diffuse large-scale emission component and the sum of both.
The turnover of the integrated total intensity spectrum has to be
attributed to the turnover of the large-scale emission component.
We assume that both emission components have the same spec-
tral index below the break frequency. In summary, the integrated
total intensity spectrum is flat at low frequencies, steep between
1 GHz and about 10 GHz, and flattens again toward higher fre-
quencies. No other SNR is known showing a similar radio spec-
trum. Hence, the radio spectrum of S147 is unique.

4.4. The analysis of the spectral turnover

A spectral turnover is very rare for shell-type SNRs. Some early
claims have turned out to result from limited accuracy of high-
frequency measurements. S147 is the best known case for a spec-
tral break so far.

Several possible mechanisms cause a spectral turnover:
(1) the presence of two populations with different energy spec-
tra; (2) shock acceleration of particles; (3) the compression of
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Fig. 10. Integrated total intensity spectrum of S147, including WMAP
data for the filaments. The weaker contribution from the diffuse emis-
sion component can not be obtained from the WMAP data. The model
spectrum of the filamentary component, the diffuse component with a
spectral break at 1.7 GHz, and the sum of both are shown in addition
(see text).

the Galactic magnetic field; and (4) synchrotron losses (aging)
of electrons.

(1), (2) According to Leahy & Roger (1998) the first two
mechanisms may not be relevant for a synchrotron spectrum as
given in Fig. 5.

(3) The Galactic relativistic electron spectrum has a slow
turnover due to various loss and propagation effects over time.
Webster (1974) has compiled the Galactic radio spectrum, which
varies from α ∼ −0.5 to α ∼ −0.8 between ∼100 MHz
and ∼600 MHz. The corresponding electron energy index varies
from ∼2.0 to ∼2.6 over the energy range 2.6 GeV to 6.5 GeV
in case the magnetic field strength is 3 µG. Direct observations
of the electron spectrum (Tang 1984) also reveal a change of the
Galactic electron spectral index from 2.0 at low energy (<2 GeV)
to 3.5 at higher energies. Due to the shock wave of the SNR,
the compressed local magnetic field in a SNR shifts the spectral
turnover toward a higher frequency, e.g., that at about 1.5 GHz
of S147. DeNoyer (1974) has studied this case extensively. A
crucial parameter is the radio flux density, which is related to
the observed turnover frequency and the distance. Following the
argument by DeNoyer, it is possible to explain the observed
radio spectrum of S147, in particular, for the smaller distance
of ≤1 kpc.

(4) If synchrotron losses of electrons occur uniformly over
the whole lifetime of the SNR, the turnover would happen
at νc(MHz) = 3.4 × 109 B(10 µG) −3 t(104 yr) −2. For S147 the
turnover frequency νc is observed to be at 1.5 GHz and its
age is about 105 yr, so the magnetic fields should be about
0.3 mG. Such a high magnetic field is not known to exist in
shell type SNRs. DeNoyer (1974) discusses the situation that
the acceleration and synchrotron losses occur during the early
phase of SNRs. Gull (1973) has shown that in the early phase
Rayleigh-Taylor instabilities create a convective zone, which can
sustain magnetic fields B of 1000 µG within young remnants
for approximately 100 years, corresponding to a radius Rc of
the remnant of ∼1 pc in the low-density region of the Galactic

anti-center. Due to the subsequent expansion, the magnetic
field decreases with (R/Rc)−2, while the energy decreases with
(R/Rc)−1. The turnover frequency decreases with (R/Rc)−4. For
S147, R/Rc is 21 for a distance of 800 pc corresponding to
a turnover frequency of 12 MHz and 154 MHz, respectively.
However, as DeNoyer (1974) pointed out, at this stage of evo-
lution the magnetic field of the SNR is dominated by the shock
compressed interstellar magnetic field, which may be about
10 µG in the large-scale emission area. In that case, the turnover
frequency decreases with (R/Rc)−2 × (10 µG/1000 µG) to about
188 MHz and 680 MHz, respectively. Given the uncertainty of
the magnetic field strength during the synchrotron loss phase,
the interstellar magnetic field in the area of S147, as well as the
amount of shock compression (with or without cooling effects),
this model cannot be ruled out as a possible explanation of the
observed spectral bend.

We conclude, in principle, both the compressed Galactic
magnetic field scenario and early high synchrotron losses with
subsequent adiabatic expansion could explain the observed
turnover. The observed difference of ∆α ∼ 1 between the high-
frequency and the low-frequency spectral indices is larger than
the value given by Tang (1984), but smaller than that from syn-
chrotron losses with no further injection of relativistic electrons
after the first 100 years (see Fig. 2.12 in Pacholczyk 1977).

5. The polarization toward S147

λ6 cm and λ11 cm polarization maps are shown in the lower
panels of Figs. 1 and 2. The polarization features seen in the two
polarization maps are complex, but very similar at both wave-
lengths. They have no counterpart in the total intensity map ex-
cept for some sections of the S147 shell. Obviously, the inter-
stellar diffuse emission component is responsible for most of the
observed polarization features. The similarity of polarized struc-
tures at both wavelengths suggests that Faraday rotation along
the line of sight is very small.

We extracted the polarization intensity map of the same re-
gion (Fig. 11) from the λ21 cm “Effelsberg Medium Galactic
Latitude Survey” (EMLS) (Reich et al. 2004). This map also in-
cludes the large-scale polarized emission component at an abso-
lute zero level from the polarization survey made with the DRAO
26-m telescope (Wolleben et al. 2006). The polarized emission
along the bright shell of S147 is very low. The shell of S147
might contribute polarized emission, which adds to the Galactic
emission forming minimum polarization. As an alternative S147
might depolarize the emission from larger distances.

Large-scale emission component is missing in the polariza-
tion data at λ6 cm and λ11 cm, which is known to severely
limit any interpretation of polarization structures caused by
Faraday rotation effects in the interstellar medium (Reich 2006).
Following Sun et al. (2007) we used the WMAP polarization
data at 22.8 GHz to recover the missing large-scale structures
at λ11 cm and λ6 cm.

For this purpose, we convolved the WMAP U and Q maps
to 49′ and scaled to λ11 cm and λ6 cm with a temperature spec-
tral index of β = −2.8, equal to the temperature spectral index
toward the Galactic anti-center (Reich & Reich 1988). We ob-
tained a spectral index of the polarized emission toward S147 of
β = −3.0 ± 0.4 from a T−T plot between the λ21 cm map and
the WMAP 22.8 GHz map, which are both on an absolute scale.
Although the uncertainty is large, the spectrum of the polarized
emission is consistent with that for total intensity, implying that
the polarized emission at longer wavelengths is not much re-
duced by depolarization and that a low Faraday rotation occurs
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Fig. 11. λ21 cm polarization intensity map of S147 from the Effelsberg
100-m telescope at an angular resolution of 9.′4 (grey scale). The rms-
noise is 8 mK TB. Contours show total intensities (the strong point-like
sources were subtracted) starting from 150 mK TB and increasing in
steps of 100 mK TB. The bars show the orientation of the magnetic field
(E+90◦). The length of the bars is proportional to the polarized intensity.

in the direction of the Galactic anti-center. This justifies the us-
age of the better known temperature spectral index β = −2.8.

The difference of the scaled WMAP data and the λ11 cm and
λ6 cm maps, which were convolved to the same beam, are then
added to the original U and Q maps at λ6 cm and λ11 cm wave-
length. This procedure needs, however, to be modified in case of
significant Faraday rotation along the line of sight in particular
for the λ11 cm map. We have also used the λ21 cm (Fig. 11) con-
volved to a 49′ beam and the WMAP 22.8 GHz map to obtain the
average Faraday rotation over the entire area. We obtain a value
of ∼+10 rad m−2. A low Faraday rotation is also supported by
the pulsar PSR J0538+2817, associated with S147, which has a
Faraday rotation of −7± 12 rad m−2 (Mitra et al. 2003). We con-
clude that the correction of the polarization angle at λ11 cm is
smaller than a few degrees. In the following, we assume that no
modification of the straightforward procedure is necessary.

As expected for a magnetic field orientation along the
Galactic plane a large offset is found for Stokes Q (average
∼4mK TB at λ6 cm), while the offset for Stokes U is small (av-
erage ∼−0.2 mK TB at λ6 cm). The polarized intensity maps at
λ11 cm and λ6 cm, after restoration for an absolute zero level,
are shown in Figs. 12 and 13. The strongest polarized emission
is located outside the boundary of S147 in both maps. The dis-
tribution of polarized intensity in the λ6 cm map does not allow
the identification of S147 in general. Only a few filaments, e.g.,
l, b = 181.◦6,−1.◦0 and l, b = 181.◦2,−2.◦0, show an association
between total intensity filaments and depressions in polarized in-
tensity. In the λ11 cm map, several filaments are clearly visible
as depressions in polarized intensity. At both frequencies, the
appearance of S147 against the large-scale polarized emission
component of the Galactic background is similar to its appear-
ance at λ21 cm (see Fig. 11), but the “depolarization” effect is
less serious at higher frequencies.

The interpretation of the restored polarization data requires
modeling of the diffuse Galactic polarized emission component
including Faraday rotation effects (Reich 2006). However, the
strong eastern filamentary structure is a region where polar-
ized emission from the SNR adds to the Galactic emission. It

Fig. 12. Polarized λ11 cm emission in the area of S147 after restoration
for an absolute zero-level using WMAP 22.8 GHz data (grey scale).
The angular resolution is 4.′4. Contours show total intensities from the
Effelsberg λ11 cm map (with strong point-like sources subtracted). The
bars show the orientation of the magnetic field (E+90◦) in case of ig-
norable Faraday rotation. The length of the bars is proportional to the
polarized intensity.

produces a depression in the polarized intensity map because the
magnetic field along the filaments is oriented almost perpendic-
ular to the general Galactic magnetic field direction. The strong
polarized filament structure is visible in the original polarization
map at a relative zero level (Figs. 1 and 2).

5.1. Rotation measures of the eastern filaments

For the calculation of rotation measures (RMs) of S147 we have
to remove the diffuse Galactic polarized emission component.
We noticed that the polarized emission from the eastern filament
is strong and outstanding against the background in the original
polarization map. We calculated the RM map from the polariza-
tion angles of the original λ11 cm and λ6 cm polarization maps
after both maps have been convolved to a common angular res-
olution of 10′. Figure 14 shows the RM distribution (n = 0) for
the eastern filamentary region. We have excluded pixels with a
polarized intensity below 1.40 mK TB at λ11 cm or 0.75 mK TB
at λ6 cm.

In principle, we require polarization maps at a minimum of
three frequencies to determine the unambiguous RMs. However,
we cannot use the λ21 cm map for this purpose because the
large-scale diffuse structure dominates and the filaments are not
clearly visible. RMs calculated at λ6 cm and λ11 cm have an
ambiguity of ±n × 362 rad m−2 (n = 0, ±1, ±2, ...). Any value
of n other than zero seems unlikely toward the Galactic anti-
center because the direction of the local magnetic field is almost
perpendicular to the line of sight and thus small RM values are
expected.

The average RM in the east filamentary region is found to
be −70 ± 8 rad m−2, which is almost identical to the RM =
−75± 4 rad m−2 of an extragalactic source, 0539+266B, shining
through this region (Kim 1988). Outside the filamentary shell,
the RM excess caused by S147 is likely rather small, as indi-
cated by the smooth distribution of polarized intensity and po-
larization angles in Fig. 12. As was mentioned previously the
average Faraday rotation over the entire area is low. Therefore,
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Fig. 13. Same at Fig. 12 but for Urumqi λ6 cm map. The angular reso-
lution is 9.′5.

the intrinsic magnetic field vectors of the eastern filaments are
very close to the magnetic field direction shown in Fig. 1.

5.2. Magnetic fields of the eastern filament

We estimate the magnetic field strength in the eastern filamen-
tary region by assuming energy equipartition between the mag-
netic field and electrons and protons (Fürst & Reich 2004):

Bmin ≈ 10 · Φ · R(deg) −6/7 · d(kpc) −2/7 · S 1 GHz (Jy) 2/7. (1)

We integrated the filamentary region and obtained a flux density
at λ6 cm of 5.1 Jy. The flux density at 1 GHz is extrapolated
using the spectral index of α = −0.35. The radius of the radiat-
ing region is assumed to be 0.◦5 and the fraction of the radiation
volume Φ is ∼1. For distances of 0.8 kpc, we obtain an esti-
mate for the magnetic field strength of about 36 µG. Using the
RM value −70 rad m−2 for the eastern filamentary region, we
estimated the line of sight component of the intrinsic magnetic
field. Assuming an electron density of 100 cm−3 within the fila-
ments and their thickness to be 1′′ ∼ 0.07 pc (Fesen et al. 1985),
we calculate B|| ≈ 35 × RM/ne ∼ 24 µG. Both values are of the
same order. Magnetic fields in these filamentary structures are
typically 30 µG.

6. Summary

We present new sensitive maps of S147 for the total and polar-
ized intensity at λ6 cm and λ11 cm. The λ6 cm maps are the first
complete ones obtained so far. Our new measurements confirm
the turnover of the integrated spectrum of S147 at a frequency of
about 1.5 GHz. The measured structures have been decomposed
into filamentary structures (smaller than 18′) and large-scale dif-
fuse emission component. The T−T plots between 2639 MHz
and 4800 MHz for these two emission components prove that
the turnover is attributed entirely to the diffuse emission compo-
nent, which has a spectral index of α ∼ −1.35. The filamentary
emission component has a spectral index of α ∼ −0.35 and can
be traced up to 40.7 GHz on WMAP maps.

We discussed several possible mechanisms to explain the
turnover of the diffuse emission component. We can exclude the

Fig. 14. The RM distribution for the eastern filamentary emission re-
gion of S147 derived from the original λ11 cm and λ6 cm polarization
maps. Contours show polarized intensities from the Urumqi λ6 cm map
starting at 2.5 mK TB and running in steps of 0.8 mK TB. The position
of the extragalactic source 0539+266B with a RM of −75 ± 4 rad m−2

(Kim 1988) is indicated.

scenarios of two populations of electrons as well as the diffuse
shock accelerated of electrons. However, a compressed magnetic
field is a possible explanation. The SNR shock wave compresses
the local magnetic field and shifts the turnover in the Galactic
radio spectrum from about 400 MHz to about 1.5 GHz. High
synchrotron losses, during the early phase of the SNR, would
cause a bend at a rather high frequency, but subsequent expan-
sion of S147 would shift the frequency toward about 1.5 GHz as
well.

S147 is a faint source located on the near side of the Perseus
arm. Polarized emission from S147 is confused with large-scale
Galactic emission, except for the bright filamentary regions. The
RM in the eastern filamentary region is about −70 rad m−2. The
magnetic field in the filamentary region has a strength of typi-
cally ∼30 µG.
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