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ABSTRACT

Typically, integrated radio frequency continuum spectra of supernova remnants (SNRs) exhibit a power-law form due to their syn-
chrotron emission. In numerous cases, these spectra show an exponential turnover, which has long been assumed to be due to thermal
free-free absorption in the interstellar medium. We used a compilation of Galactic radio continuum SNR spectra, with and without
turnovers, to constrain the distribution of the absorbing ionised gas. We introduce a novel parameterisation of SNR spectra in terms
of a characteristic frequency, ν∗, which depends both on the absorption turnover frequency and the power-law slope. Normalising to
ν∗ and to the corresponding flux density, S ∗, we demonstrate that the stacked spectra of our sample reveal a similarity in behavior
with low scatter (root mean square, rms, of ∼15%), and a unique exponential drop-off that is fully consistent with the predictions of
a free-free absorption process. Observed SNRs, whether exhibiting spectral turnovers or not, appear to be spatially well-mixed in the
Galaxy without any evident segregation between them. Moreover, their Galactic distribution does not show a correlation with general
properties such as heliocentric distance or Galactic longitude, as might have been expected if the absorption were due to a continuous
distribution of ionised gas. However, it naturally arises if the absorbers are discretely distributed, as suggested by early low-frequency
observations. Modelling based on H II regions tracking Galactic spiral arms successfully reproduces the patchy absorption observed to
date. While more extensive statistical datasets should yield more precise spatial models of the absorbing gas distribution, our present
conclusion regarding its inhomogeneity will remain robust.
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1. Introduction

Continuum radio emission from shell-type supernova remnants
(SNRs) is due to synchrotron emission from relativistic electrons
spiraling in compressed circumstellar and interstellar magnetic
fields, assumed to be a major source of Galactic cosmic ray elec-
trons. Their intrinsic nonthermal continuum spectra typically
reflect a power-law dependence of the flux density on the fre-
quency, S ∝ να, the spectral slope of which is shaped by particle
acceleration processes associated with their blast wave. Both lin-
ear and nonlinear diffusive shock acceleration models have been
proposed to explain the production of the energetic particles and
the synchrotron emission (see e.g. Blandford & Eichler 1987;
Malkov & Drury 2001 for reviews).

Free-free thermal absorption from either internal or exter-
nal ionised gas can impact the integrated radio spectra of SNRs
by causing turnovers at the lowest frequencies (ν < 100 MHz).
In the former case, for shell-type SNRs the absorption is con-
centrated near the centre of the remnant. It is caused by the
ionisation of cool, unshocked ejecta lying interior to the reverse
shock and ionised by its X-ray emission. It is has been detected
in the bright, young SNRs Cas A (Kassim et al. 1995; DeLaney
et al. 2014; Arias et al. 2018) and Tycho (Arias et al. 2019). Hints

of interior absorption attributed to its thermal filaments has also
been discerned in the Crab nebula (Bietenholz et al. 1997). These
special cases of interior or intrinsic thermal absorption in young
SNRs remain observationally rare and are not considered in
this work.

The much more common source of turnovers in SNR con-
tinuum spectra is exterior or extrinsic absorption from ionised
gas outside the main boundaries of the remnant and located
anywhere along the line of sight. Although it is customary to
distinguish two different cases, local and non-local, the spectra
alone do not offer any information about the distance between
the emitter and the absorber. The local case can occur near
the periphery of the SNR as the blast wave interacts with
the surrounding interstellar medium (ISM) or from foreground
H II regions within the same complex. On the other hand, the
non-local case refers to absorption by unrelated more distant
ionised gas. Evidence for spectral turnovers under 100 MHz
with thermal absorption signatures dates to the classic works of
Dulk & Slee (1972, 1975) and Kassim (1989), but were signif-
icantly limited due to poor angular resolution imposed by the
Earth’s ionosphere on instruments at the time. Kassim (1989)
suggested that at least some absorption occurs non-locally in
extended (∼100 pc), low-density envelopes (EHEs) associated
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with normal Galactic H II regions along the line of sight. Pre-
viously, EHEs had been inferred from widespread so-called
Galactic ridge recombination lines detected at meter wavelengths
(325 MHz) (Anantharamaiah 1985).

Synchrotron emission combined with thermal absorption
produce integrated radio continuum spectra for most Galactic
SNRs that can be fit by a power-law plus an exponential turnover
at low frequencies (ν < 100 MHz). Turnover spectra offer crucial
insights into the ionised gas properties of the absorbers in our
Galaxy. In particular, the presence and locations of SNRs with
turnover spectra, or limits implied by those without turnovers
at currently accessible frequencies, offer unique constrains on
the spatial distribution of this gas, improving our understanding
of the interstellar medium. However, the use of different ref-
erence frequencies (ν0) to parameterise the optical depth (τ0)
associated with these turnovers has made it awkward to com-
pare spectra from different SNRs and formulate a clear picture
of the underlying absorbing ionised medium. Therefore, in order
to make the comparison of optical depths easier and ensure com-
parability between published values, it is beneficial to convert all
values to a common reference frequency. To address this issue,
we propose an alternative parameterisation of turnover spectra
that avoids the need for multiple reference frequencies, stream-
lining the analysis and facilitating the comparison of different
SNR samples.

Early sub-arcminute resolution imaging below 100 MHz of
SNRs W49B (Lacey et al. 2001) and 3C 391 (Brogan et al.
2005) began resolving thermal absorption towards SNRs. They
foreshadowed emerging arc-second resolution, mJy sensitivity
capabilities to expand thermal absorption studies to a larger pop-
ulation of sources for constraining the ionised gas, diagnosing
direct interactions, and constraining the relative radial super-
position of emitters and absorbers. More recently, Castelletti
et al. (2021) significantly expanded the sample, by perform-
ing a detailed analysis of 9 SNRs showing turnovers on the
basis of radio, infrared, and molecular data. Four of these have
been attributed to the discrete but non-local extrinsic scenario
proposed by Kassim (1989) (see “Absorption from extended
envelopes of normal H II regions (EHEs)” in their Table 3).
The remaining five are far better explained by local extrinsic
absorption by foreground ionised gas in the SNR neighbourhood
(see “Absorption: Special cases” in their Table 3). In comparing
these two tables, the main parameter distinguishing between the
non-local and local extrinsic scenarios seems to be the best-fit
free-free optical depth τ0 (at a reference frequency ν0 = 74 MHz)
in the integrated continuum spectra: a low one, τ0 ∼ 0.1, for
the case of external H II regions versus a high one, τ0 ∼ 1, in
the case of local H II regions or interactions at the ionised inter-
face between SNR blast wave with their host complex. The only
exception seems to be G39.2−0.3 (3C 396), which has a low
τ0 ∼ 0.063 but is classified as local rather than non-local absorp-
tion. Additionally, the best-fit models including measurements
in the low frequency portion of the spectrum are reported in
Kovalenko et al. (1994b) and Kassim (1989).

Here, we explore whether sufficient ‘trees’ now exist to begin
visualising the ‘forest’. We consider whether it is possible to
use the properties of the observed (or inferred) turnovers, cou-
pled with an improved understanding of SNR distances and
H II region distributions, to constrain the spatial distribution
of the absorbers. We hope posing this question may stimulate
forthcoming statistical and targeted studies of the seemingly
ubiquitous phenomena of thermal absorption towards Galactic
SNRs at low frequencies. The organisation of this paper is as
follows. Section 2 describes our sample of integrated SNR radio

continuum spectra with or without turnovers at low frequencies.
Section 3 presents our analysis of all spectra in context of exter-
nal thermal absorption. In Sect. 4, we present our simple Galactic
distribution model for absorption of SNR emission. Our main
results and plans for future works are summarised in Sect. 5.

2. Data collection

Our analysis is based on 129 integrated SNR radio continuum
spectra. Among them, 57 exhibit a turnover at frequencies below
100 MHz, while the remaining 72 are well fit by simple power-
law spectra. The former group includes 9 SNR spectra taken
from Castelletti et al. (2021), 3 constructed for this paper, 31
from Kovalenko et al. (1994b), and 14 from Kassim (1989) (see
Table A.1; note: certain sources appear in more than one ref-
erence). The group with pure power law spectra comprise 2
sources from Castelletti et al. (2021), 15 remnants whose spec-
tra were constructed for this work, 45 from Kovalenko et al.
(1994b), and 10 from Kassim (1989) (for reference see the labels
in Figs. 4, 5, and 6).

While constructing the spectra for this study, encompass-
ing both those with and without turnovers, our main goal was
to minimise the typical scatter at the lower frequencies. To
achieve this, we conducted new flux density measurements using
available images from two resources: the Very Large Array Low-
Frequency Sky Survey Redux (VLSSr, at 74 MHz, resolution
75′′; Lane et al. 2004) and the Galactic and Extragalactic All-
sky Murchison Widefield Array survey (GLEAM, at 88, 118,
155, and 200 MHz, resolutions from ∼6′ to ∼2′; Hurley-Walker
et al. 2019). These fluxes are critical for constraining the low-
frequency portion of the spectra, which for many years have
remained problematic due to the relatively poor angular reso-
lution and sensitivity of legacy instruments, such as Culgoora
(80 MHz, Slee & Higgins 1973, 1975; Slee 1977), Clark Lake
TPT (30.9 MHz, Kassim 1988), and the Pushchino telescopes
(83 MHz, Kovalenko et al. 1994a)1.

It is worth noting that at the time of our analysis, no images
below 100 MHz were available for the SNRs in our sam-
ple from surveys conducted with modern instruments such as
LOw Frequency ARray (LOFAR) or Long Wavelength Array
(LWA). At higher frequencies, depending on the position of
the SNR in the sky, the spectra incorporate new flux den-
sity measurements from the Southern Galactic Plane Survey
(SGPS, McClure-Griffiths et al. 2005) at 1420 MHz, the S-
band Polarisation All Sky Survey (S-PASS, Carretti et al. 2019)
at 2303 MHz, and the Parkes 6 cm survey at 5000 MHz
(Haynes et al. 1978). All our new flux estimates have been
combined with previous measurements from the literature. The
criteria adopted for collecting the data for the new spectra
are consistent with those reported in Castelletti et al. (2021).
This includes taking only those measurements with error esti-
mates lower than 30%, ensuring there are no significant devi-
ations from the best-fit model, using interferometer data that
adequately recover short spacings information at frequencies
above 1000 MHz, along with single-dish data with appro-
priate resolution to prevent flux density overestimates due to

1 Additional flux density measurements below 100 MHz, which were
included in our spectral analysis and obtained from the literature, are as
follows: 10 MHz (Bridle & Purton 1968), 19 MHz (Rishbeth 1958), 10–
25 MHz (Braude et al. 1969, 1979), 22 MHz (Roger et al. 1969, 1986),
26 MHz (Erickson & Cronyn 1965; Viner & Erickson 1975), 29.9 MHz
(Jones & Finlay 1974), 38 MHz (Williams et al. 1966), and 86 MHz
(Mills & Slee 1957; Mills et al. 1958, 1960).
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Fig. 1. Radio flux density measurements (coloured filled circles) as a
function of frequency for 12 SNRs spectra with turnovers (see labels).
This sample is built of 9 SNR spectra reported in Castelletti et al.
(2021) plus 3 new spectra for the SNRs G189.1+3.0, G290.1−0.8, and
G316.3+0.0, which were specifically constructed for this work. The solid
coloured lines shows each corresponding best fit given by Eq. (2) with
parameters included in our Table A.1. The asterisk symbol indicates the
individual characteristic frequency, ν∗.

high confusion levels. In total, considering the spectra from
Castelletti et al. (2021) and those constructed for this work,
we have collected around 570 flux density measurements. The
improvements in the accuracy of the radio spectral index deter-
minations for the SNRs in our sample are about one order of
magnitude when compared to previously published estimates.
We notice that the spectra presented in this paper will be
available publicly through a forthcoming SNR radio continuum
spectra catalog, currently under construction (Castelletti et al., in
prep.).

3. Analysis

SNRs that exhibit thermal turnovers are typically characterised
by fitting the integrated continuum flux density S (ν) at a fre-
quency ν using a power-law plus exponential cutoff equation:

S (ν) = S 0

(
ν

ν0

)α
exp

−τ0

(
ν

ν0

)−2.1 , (1)

where α is the power-law spectral index, S 0 is a flux den-
sity normalisation, and τ0 is the free-free optical depth, both
measured at a reference frequency, ν0. The power-law term in
this equation reflects the intrinsic synchrotron emission of the
SNR, while the exponential term accounts for absorption due to
ionised gas along the line of sight. However, because authors
adopt different reference frequencies, typically related to their
specific observing frequencies, it is often necessary to apply
the scaling: ν′0/ν0 = (τ0/τ

′
0)1/2.1 and S ′0/S 0 = (ν′0/ν0)α, where

primed variables correspond to a reference frequency of ν′0.
Some authors (e.g. Castelletti et al. 2021) use the same reference
frequency (ν0 = 74 MHz) for both physical process, namely, in
the power law and in the exponential; others (e.g. Kassim 1989)
presented their data using two different reference frequencies:

Fig. 2. Normalised radio flux density S n(x) = S (ν)/S ∗ = xαexp(−x−2.1)
measurements (coloured filled circles) as a function of the normalised
frequency x = ν/ν∗ for 12 SNRs spectra with turnover (see labels).
This sample comprises 9 SNR spectra reported in Castelletti et al.
(2021), with the addition of three new spectra for the SNRs G189.1+3.0,
G290.1−0.8, and G316.3+0.0 included for this work. Solid lines show
their corresponding fit with parameters presented in our Table A.1. This
normalised form sorts SNRs spectra in increasing order accordingly to
their slope from bottom α = −0.89 to top α = −0.35. The black aster-
isk symbol marks the characteristic frequency ν∗ and highlight how the
normalisation has been done.

one for the emission, ν0 = 408 MHz, and one for the absorp-
tion, ν0 = 30.9 MHz. Moreover, others (e.g. Kovalenko et al.
1994b) have used a unique reference frequency for absorption
ν0 = 100 MHz, but different ones for each individual SNR emis-
sion over a broad range from ν0 = 175 MHz to ν0 = 6000 MHz
(see Table A.1). Although it is straightforward to convert values
from one frequency to the other, the discordant parameterisation
can make comparisons difficult. To avoid such complications, we
can re-write Eq. (1) independent of the reference frequency as:

S (ν) = S ∗

(
ν

ν∗

)α
exp

− (
ν

ν∗

)−2.1 , (2)

where ν∗ is a characteristic frequency and S ∗ is a characteristic
flux density. Equation (2) is identical to Eq. (1) but expressed
by removing the explicit dependency of ν0, τ0, and S 0, that is,
independently of the adopted reference frequency, ν0. We notice
that ν∗ = τ

1/2.1
0 ν0 and S ∗ = S 0(ν∗/ν0)α. Computing these char-

acteristic parameters using any other reference frequency gives
the same values of ν∗ and S ∗. Moreover, the physical mean-
ing of these two parameters is straightforward: ν∗ is related to
the position of the turnover frequency νto, namely, where S (ν)
has its maximum, and S ∗ is the spectrum normalisation height.
The turnover frequency can be computed by deriving the flux
density and equalising it to zero to yield νto/ν∗ = (−2.1/α)1/2.1.
Then, the characteristic frequency, ν∗, is determined by both the
turnover frequency, νto, and the power-law slope, α. It is only in
the critical case where α = −2.1 that we have ν∗ = νto, while
for α > (<) − 2.1, we have ν∗ < (>)νto. For a fiducial value of
α ∼ −0.5, we obtain ν∗ ∼ νto/2, while for typical values of SNRs
power-law slopes −0.89 ≲ α ≲ −0.35 (see Table A.1) we have
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1.5 ≲ νto/ν∗ ≲ 2.5. It is worth noting that while Eq. (1) has been
widely adopted by many authors, to the best of our knowledge,
the simple parameterisation given by Eq. (2) has not been pro-
posed before. An additional advantage of this parameterisation
in terms of ν∗ is that low values of ν∗ indicate low νto or lower
frequency turnovers, while high ν∗ values indicate high νto, with
absorption commencing at higher frequencies.

To illustrate our approach to constrain the properties of the
absorbing gas, in the next two subsections we apply these ideas
to a sample of spectra for 129 SNRs, with and without observed
turnovers. For the latter group, we utilise upper limits for ν∗
based on the lowest frequency measured.

3.1. SNRs with spectral turnovers

In Fig. 1, we display the measurements of 12 SNRs with
turnovers, 9 of them reported by Castelletti et al. (2021), plus 3
more constructed for this work. Accordingly, Fig. 1 illustrates the
complex superposition of spectra reflecting the relatively large
range in spectral index (−0.89 ≲ α ≲ −0.35) and optical depth
(0.016 ≲ τ0 ≲ 1.21 at ν0 = 74 MHz) listed in Table A.1.

In Fig. 2, we show the first advantage of the new parame-
terisation offered through Eq. (2). Here, we plot the normalised
flux density S n(x) = S (ν)/S ∗ as a function of the normalised
frequency x = ν/ν∗ for the same 12 SNRs plotted in Fig. 1. The
dynamic range of ∼700 in S (ν) seen in Fig. 1 is reduced by at
least a factor ∼ 10 using the normalised form also showing a
significantly smaller scatter. Moreover, the observational data at
low frequencies, that is, lower than the characteristic frequency
ν < ν∗ of the 12 SNRs when stacked together, are well fit by
a unique drop-off curve A(x) = exp(−x−2.1) that is more clearly
traced than in the individual curves. At high frequencies, namely,
those that are higher than the characteristic frequency ν > ν∗, the
solid curves differ only due to their slopes α. Power-law emis-
sions are ordered by their slope from a steep α = −0.89 value for
G316.3+0.0 (bright pink filled circles and solid curve) to a flat
α = −0.35 for G39.2−0.3 (red filled circles and solid curve).

In Fig. 3, we applied an additional normalisation step by
dividing the flux density S n(x) by the power-law emission fac-
tor of each SNR, E(x) = xα. Another advantage of the new
normalisation is that any SNR spectrum can be fit by a unique
absorption equation A(x) = exp(−x−2.1), as depicted by the solid
black curve. A reduced rms scatter of ∼11% is apparent for
these 12 SNRs stacked together indicating the quality of the fits.
To enlarge our sample, we also compiled spectra with a low-
frequency turnover of 14 SNRs reported in Kassim (1989) and
31 from Kovalenko et al. (1994b). These dataset are represented
by filled small black squares and triangles, respectively. The
inclusion of these two additional samples reinforces our results
showing a similar trend, albeit with a higher rms scatter.

3.2. Pure power-law SNRs spectra

Pure power-law spectra can be interpreted as absorbed spectra
as well, but absorbed at such low frequencies that the turnover
has not been observationally detected yet. For example, if the
turnover frequency is at ν∗ = 30 MHz, but there are no quality
measurements at comparable frequencies, the spectrum is usu-
ally fit by a pure power-law. Indeed, if a turnover has not been
detected, the lowest measured frequency, νlow, of a spectrum can
be considered as an upper limit for the undetected turnover fre-
quency. We therefore expanded our sample of turnover spectra
by assigning a turnover to the pure power law fits, allowing for
a maximum of a 10% difference between the extrapolated power

Fig. 3. Normalised radio flux density measurement as a function of fre-
quency for 9 SNR spectra presented in Castelletti et al. (2021) plus 3
new spectra for the SNRs G189.1+3.0, G290.1−0.8, and G316.3+0.0,
constructed for this work (coloured filled circles), along with data from
Kovalenko et al. (1994b) (black filled squares) and Kassim (1989) (black
filled triangles). In order to highlight the drop-off behavior, the data are
normalised to the power-law emission E(x) = xα, where x = ν/ν∗. The
curved solid line is the normalised absorption A(x) = exp(−x−2.1). The
total root mean square (rms) of the coloured circles is less than 11%. At
ν ∼ 2.75ν∗ approximately 50% of the emission is absorbed.

law and the absorbed fit at the lowest frequency. Using Eq. (2),
we have ν∗ = νlow(loge f )1/2.1 where f is a parameter that fixes
the ratio between the flux density power law and the turnover fit
at νlow. We have adopted a value of f = 1.1, which means that
the difference is 10% yielding ν∗ ∼ 0.33νlow.

Figures 4, 5, and 6 are analogous to Figs. 1, 2, and 3,
respectively, but constructed for SNRs whose integrated radio
continuum spectra are fitted by pure power laws. Two of the plot-
ted spectra are taken from Castelletti et al. (2021) and the other
15 were constructed for the purposes of this work, as explained
in Sect. 2. In Fig. 4, the coloured solid lines are the correspond-
ing pure power-law best fits to the data points of each SNR, while
the dotted lines are the putative turnover spectra given by Eq. (2).
The asterisk symbols indicate the maximum characteristic fre-
quency ν∗ allowed by the lowest frequency observed νlow. Again,
the large dynamic range in measured flux densities of ∼300 is
reduced by a factor of ∼7 when the normalised form is adopted
(see Fig. 5). A final normalisation to the individual power law
slope α shows good quality fits with rms of ∼15% as seen in
the coloured open circles of Fig. 6. These fits are better quality
than the pure power-law samples of Kovalenko et al. (1994b) and
Kassim (1989) depicted by open small black squares and trian-
gles, respectively.

3.3. Characteristic frequency ν∗ distribution

In Fig. 7, we show as a filled histogram the distribution of
ν∗ values, computed for our three samples (Castelletti et al.
2021 plus this work, Kovalenko et al. 1994b, and Kassim 1989
listed in Table A.1) ranging from ∼10 MHz to 100 MHz.
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Fig. 4. Radio flux density measurements (coloured open circles) as
a function of frequency for 17 SNRs spectra without turnovers (see
labels). This sample includes the spectra of SNRs G4.5+6.8 and
G28.6−0.1 published in Castelletti et al. (2021) plus 15 new ones
constructed for this work. The solid coloured lines shows each corre-
sponding power-law best fit, while the dotted ones correspond to Eq. (2)
with a characteristic frequency ν∗ (see asterisk symbol) assigned as an
upper limit according to the lowest measured frequency, νlow.

In the upper panel, ν∗ ∼ 40 MHz separates two populations
with low (τ ∼ 0.1) and high (τ ∼ 1) optical depths reported
in Table 3 of Castelletti et al. (2021); these two subsam-
ples were labeled as ‘Absorption from extended envelopes’
(non-local) and ‘Absorption: Special cases’ (local), respectively.
The classification was made by additional information obtained
from low-frequency radio recombination lines, infrared fine-
structure, and molecular line emission to distinguish between
spectral turnovers attributed to ionised material in the ISM
unrelated to the SNR (non-local) and an ionised component
in the SNR’s immediate surroundings (local). These low (ν∗ ≲
40 MHz) and high (ν∗ ≳ 40 MHz) populations might hint at non-
local vs. local absorbers in the other two samples, Kassim (1989)
and Kovalenko et al. (1994b), shown in the middle and bottom
panels of Fig. 7. However, due to the incompleteness of our
samples, it is not possible to definitively determine yet whether
these populations represent truly distinct groups or merely the
low and high tails of a single population with intrinsic disper-
sion. The open histograms show the characteristic frequency ν∗
of power-law spectra assigned according to their observed low-
est frequency, νlow. In the upper panel, the observed peak at ν∗ ∼
30 MHz is a direct consequence of the GLEAM survey cutoff
frequency at νlow ∼ 88 MHz (see asterisk symbols in Fig. 4). At
ν∗ ∼ 10 MHz we have measurements obtained at lower frequen-
cies by the Clark Lake TPT (30.9 MHz), Culgoora (80 MHz),
and Pushchino (83 MHz) telescopes (see Sect. 2).

We notice that the upper colour bar indicates the colour cod-
ing adopted in Figs. 8 and 9 based on log(ν∗/MHz) value instead
of using the SNRs’ names, as done in Figs. 1–6, as well as in
Figs. 10 and 11. On the other hand, we also searched for (but
did not find) any significant correlations between the three fitted
parameters S ∗, ν∗, and α. This result indicates that the emission

Fig. 5. Normalised radio flux density S n(x) = S (ν)/S ∗ = xαexp(−x−2.1)
measurements (coloured open circles) as a function of the normalised
frequency x = ν/ν∗ for 17 SNRs spectra without low frequency
turnover (see labels). This sample includes the spectra of G4.5+6.8
and G28.6−0.1 SNRs published in Castelletti et al. (2021), plus 15
new collected for this work. Extended lines show their power-law fit
while dotted ones correspond to Eq. (2) with characteristic frequency,
ν∗, (asterisk symbol) assigned as an upper limit according to the lowest
measured frequency νlow. This normalised form sorts SNRs spectra in
increasing order accordingly to their slope from bottom α = −0.69 to
top α = −0.32. The black asterisk symbol marks the characteristic fre-
quency, ν∗, and highlights how the normalisation is done.

and absorption processes in our limited SNR sample are inde-
pendent of each other. A useful and direct application of the
characteristic frequency, ν∗, parameterisation is the possibility
to provide insights concerning the properties of the absorbing
thermal gas. A complete mapping of the ν∗ distribution in the
Galaxy should offer strong and unique constraints on the distri-
bution of the ionised absorbing gas. Despite the incomplete and
non-uniform nature of current surveys on SNRs, we utilised our
compiled sample to extract fundamental and widespread char-
acteristics from the presently available data. Additionally, we
have compared our findings with ad-hoc constructed models in
order to draw initial conclusions regarding the absorber popula-
tion. In Fig. 8, we show the projected spatial distribution onto
the Galactic plane for all the SNRs with turnovers (filled sym-
bols) in our three samples. We have also included SNRs from
Castelletti et al. (2021) plus this work, Kovalenko et al. (1994b),
and Kassim (1989), whose spectra are well fitted by a pure power
law (open symbols) coloured according to the upper limit of
the characteristic frequency assigned to them (see Sect. 3.2 and
Fig. 4). At first glance, it does not appear that there is a sig-
nificant segregation between SNRs with and without spectral
turnovers, or an apparent gradient in ν∗ with global properties
like heliocentric distance or Galactic longitude. This qualitative
result indicates that the absorbing media is probably made of
discrete ionised regions rather than a continuous gas distribu-
tion. Likewise, the absence of spectral turnover in some distant
SNRs, coupled with significant absorption in some nearby ones,
was first interpreted by Kassim (1989) as a patchy distribution
of low-frequency absorbing gas, and not caused by a broadly
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Fig. 6. Normalised radio flux density measurements as a function
of frequency for the SNRs G4.5+6.8 and G28.6−0.1 presented in
Castelletti et al. (2021) plus 15 new SNR spectra constructed for this
work (coloured open circles). These datasets are complemented by flux
density estimates from Kovalenko et al. (1994b) as black open squares
and Kassim (1989) as black open triangles. In order to highlight the
drop-off behavior, the data are normalised to the power-law emission
E(x) = xα, where x = ν/ν∗. The curved solid line is the normalised
absorption A(x) = exp(−x−2.1). The total rms of the coloured open cir-
cles is less than 15%.

distributed component of the ISM. Here, we test this original
idea by adding the spectra presented by Castelletti et al. (2021),
those constructed for this work, along with those included in
Kovalenko et al. (1994b).

To facilitate the interpretation of these observational find-
ings, in the following section, we describe how we developed
a two-dimensional (2D) toy model that simulates the power-
law emission from SNRs and takes into account the absorption
caused by intervening ionising gas.

4. Absorption model

We assumed that the SNRs are distributed on the Galactic
plane following an exponential surface number density profile:
Σ(R) = Σ0 exp(−R/Rd), where Σ0 is the central surface density
and Rd is the scale-length. We tied Σ0 to a mock assumption of
20 000 SNRs sufficiently large to mimic the statistical behavior
of a generic population of remnants distributed on the Galactic
plane with Rd = 3.5 kpc following the Milky Way stellar scale-
length. We started by attributing the absorption to ionised gas
characterised by an emission measure (see Eq. (6) and discussion
below) predicted by the continuum model NE2001, at a fixed
temperature (Cordes & Lazio 2002). We found that the NE2001
model predicts a correlation between absorption and distance,
a correlation that is not observed. We attribute the discrepancy
to the fact that the NE2001 model assumes a nearly continuous
distribution of ionised gas, together with its reliance on mea-
surements of relatively nearby pulsars (PSRs). Recognising that
H II regions are discrete structures, we then considered a model
in which a set of discrete absorbing regions, representing H II

Fig. 7. Histograms showing the distribution of characteristic frequen-
cies, ν∗, for the three samples analyzed here. Each panel corresponds
to a different sample, as indicated by the labels. The filled histograms
show the distribution of ν∗ for SNRs spectra with turnovers, while the
open ones depict the estimated upper limit of ν∗ based on the lowest
measured frequency, νlow, for spectra without turnovers.

regions or H II region complexes, are distributed throughout the
disk of the Galaxy.

We place clumps of ionised gas preferentially along the
Galactic spiral arms following the Hou & Han (2014) four-arm
logarithmic model (see their Table 1). Clumps are circular with
radius, r, drawn from a Maxwell-Boltzmann probability density
distribution:

p(r) =

√
2
π

r2 exp(−r2/a2)
a3 , (3)

with a parameter a = 50 pc. Initially, we distribute homoge-
neously clumps along the spiral arms; then we add a random
noise of 5% in their polar radius to mimic the fact that H II
regions are not perfectly distributed along the spiral arms and
also that the spiral arms themselves are not perfectly delineated
in real galaxies. We also fixed the number of absorbers in a
way so that the initial (i.e. before adding the random noise)
mean separation between them is five times their typical size.
Altogether, these conditions result in 981 simulated H II regions
that trace approximately the spiral arms and that they do not
overlap. This is consistent with the number and distribution of
Galactic H II regions revealed by observational surveys that typi-
cally point out hundreds to thousands of these objects (Anderson
et al. 2018; Wenger et al. 2021, and references therein).

The predicted characteristic frequency, ν∗, can be estimated
using its definition, introduced in Sect. 3, ν∗ = τ

1/2.1
0 ν0, where

the optical depth, τ0, can be computed from the physical prop-
erties of the absorbing ionised gas using the following equation
(Wilson et al. 2009):

τ0 = 3.014 × 10−2
(Te

K

)−3/2 (
ν0

GHz

)−2
gff

(
EM

pc cm−6

)
, (4)

A54, page 6 of 10



Abadi, M. G., et al.: A&A, 684, A54 (2024)

Fig. 8. Projected spatial distribution onto the Galactic plane of SNRs in
the three samples analyzed here with distances taken from Ranasinghe
& Leahy (2022) and coloured according to log(ν∗/MHz) using the
colour bar code. Filled symbols show the location of SNRs with
turnover spectra, while the open symbols indicate those sources not
showing turnovers. Circles correspond to Castelletti et al. (2021) plus
this work data, squares correspond to Kovalenko et al. (1994b), and tri-
angles to Kassim (1989). As a guidance the solid black lines show the
position of the spiral arms taken from the Hou & Han (2014) model.
The central plus symbol indicates the position of the Galactic centre, the
solar symbol shows the Sun’s position, and the dotted lines the Galactic
quadrants. The coloured points do not show any strong dependence on
heliocentric distance or Galactic longitude (see Figs. 10 and 11).

where Te is the gas electron temperature,

gff = loge

[
4.955 × 10−2

(
ν0

GHz

)−1
]
+ 1.5 loge

(
Te

K

)
(5)

is the Gaunt factor, and

EM =
∫ L

0
n2

e dx (6)

is the emission measure depending on the electron density, ne,
integrated along the linear length, L, of the intervening medium.
Assuming a constant electron density, the emission measure is
EM = n2

e L. Therefore, we have ν∗ ∼ n0.95
e L0.47/Te

0.71, namely,
the characteristic frequency depends more strongly on the elec-
tron density adopted, less on the electron temperature, and more
weakly on the path L. We assume constant electron temperature
Te = 5000 K and density ne = 2.0 cm−3 (Castelletti et al. 2021).

By adopting these values, our model is calibrated to repro-
duce an average value ν∗ ∼30 MHz observed in the combined
sample of Castelletti et al. (2021) plus this work, Kovalenko
et al. (1994b), and Kassim (1989) (see Fig. 7). The linear length,
L, is computed as the cumulative sum of all segments along
the integral that intersect circular ionised clumps of radius, r,
along the line of sight from the solar position. We notice that
the NE2001 model cannot predict such characteristic frequencies
ν∗ ∼ 30 MHz for SNRs that are located nearby (i.e. at heliocen-
tric distances of ∼ 1 kpc) due to the low electron density assumed

Fig. 9. Spatial distribution of an assumed mock sample of 20 000 SNRs
(points coloured by log(ν∗/MHz) using the colour bar code). Absorbers
(open circles) are distributed along the Galactic spiral arms taken from
the Hou & Han (2014) model (solid black curves). Each absorber is
assumed to have a constant low density ne = 2.0 cm−3, a temperature
Te = 5000 K, and radius r drawn from a Maxwell-Boltzmann probabil-
ity density distribution with a median of 50 pc. The scale of each open
circle has been expanded by an arbitrary factor of 3 in order to make
the plot clearer. The central plus symbol indicates the position of the
Galactic centre, the solar symbol shows the Sun’s position, and the dot-
ted lines the Galactic quadrants. The coloured points do not show any
strong dependence on heliocentric distance or Galactic longitude (see
Figs. 10 and 11).

(ne ∼ 0.2 cm−3), which is approximately one order of magni-
tude lower than that inferred from the SNR turnover spectra by
Castelletti et al. (2021).

The prediction of our model is shown in Fig. 9, where the
spatial distribution of the emitters (SNRs) are plotted as coloured
dots (using the colour coding shown in the upper bar), while
the absorbers are displayed as black open circles. To make the
plot more clear the scale of each open circle has been expanded
by an arbitrary factor of 3. The observer is assumed to be at
Cartesian coordinates (0,8.5) kpc from the Galactic centre mim-
icking the Sun’s position. The coloured points correspond to
SNRs that are absorbed by ionised gas along the line of sights.
In a model of sparse and discrete absorbers, as this one, SNRs
with and without spectral turnover are predicted to be mixed,
namely, not spatially segregated as expected in a model with
absorbers continuously distributed. In a continuous model, SNRs
with nonthermal turnovers are expected to be located closer
to the observer while those showing turnovers should exhibit
characteristic frequencies, ν∗, increasing with distance. This is
because the radiation passes through more gas as it travels
towards the observer, leading to increased intersection and thus
a higher predicted frequency. We notice that the asymmetric coil
of spiral arms, namely, that its Galacto-centric distance increases
with its polar angle, makes absorption asymmetric between the
first and fourth and between the second and third quadrants.
The strongest absorption is predicted in the fourth quadrant
tangential direction (see magenta dots) of the most internal
spiral arm.
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Fig. 10. Characteristic frequency, ν∗, as a function of the heliocentric
distance for SNRs with low frequency turnovers (filled symbols) and
SNRs spectra without turnovers (open symbols). Circles correspond to
Castelletti et al. (2021) plus this work data, while squares to Kovalenko
et al. (1994b), and triangles to Kassim (1989). The solid line corre-
sponds to the median prediction of the model presented in Fig. 9 not
showing a systematic gradient with heliocentric distance.

We conducted a series of tests on our model using different
values of the scale-length parameter, Rd, for the exponential dis-
tribution of SNRs. We also experimented with using a power-law
profile, Σ(R) = Σ0(R/Rd)γ. Despite these changes, we found that
our results remained consistent and robust.

To compare the observational results against the predic-
tions of our simple model, in Figs. 10 and 11 we plot the
characteristic frequency, ν∗, as a function of the heliocentric
distance and the Galactic longitude, respectively. Observational
values for spectra with turnovers, indicated by coloured filled
circles (Castelletti et al. 2021 plus this work), small black filled
squares (Kovalenko et al. 1994b) and small black filled triangles
(Kassim 1989), show neither a positive gradient with distance
nor a negative gradient with Galactic longitude, as expected in
a model of continuously distributed absorbing gas. Theoretical
models featuring discrete absorbers (as depicted in Fig. 9) reveal
that the values of ν∗ remain approximately constant. This indi-
cates that absorption is independent of heliocentric distance or
Galactic longitude, as illustrated by the black continuous solid
line. Besides, we have also included observed SNRs with no
measured spectral turnovers (i.e. sources with pure power-law
continuum spectra) with ν∗ computed as the upper limit allowed
by the lowest observed frequency νlow (see Sect. 3.2). These rem-
nants are located not only quite close, d ∼ 2 kpc, to the solar
position, but also at distances as large as d ∼ 10 kpc. Similarly,
they can be found either quite close the Galactic centre or in the
anticentre direction.

Based on our assumed distribution of H II regions follow-
ing the spiral arms, we find that the absorption of our mock
SNR population is consistent with the patchy distribution of
absorption indicated by observations to date. A much larger
sample of low frequency spectra are needed to verify if our
model of absorbing gas due to H II regions is the correct
approach.

Fig. 11. Characteristic frequency, ν∗, as a function of the Galactic lon-
gitude for SNRs with low frequency turnovers (filled symbols) and
SNRs spectra without turnovers (open symbols). Circles correspond to
Castelletti et al. (2021) plus this work data, while squares to Kovalenko
et al. (1994b), and triangles to Kassim (1989). The solid line corre-
sponds to the median prediction of the model presented in Fig. 9, which
does not show a strong dependence with the Galactic longitude.

5. Conclusions

We have analyzed a sample of 129 radio continuum spectra
of Galactic SNRs from this work and the literature (including
Castelletti et al. 2021; Kovalenko et al. 1994b; and Kassim 1989).
Among them, 57 show low-frequency turnovers characteristic
of extrinsic thermal absorption, while 72 remain straight power
laws (special cases of intrinsic absorption by unshocked ejecta
within SNRs is not considered in this paper). Since the frequen-
cies sampled vary across the spectra, we take care to interpret the
latter as limits on absorption in context of their lowest frequency
measurement. Our main conclusions are:
1. We introduced a new parameterisation of the SNR integrated

radio-continuum spectra in terms of characteristic frequency,
ν∗, and corresponding flux density, S ∗, independent of arbi-
trary survey reference frequencies. Here, ν∗ is directly related
both to the power-law emission slope and the turnover fre-
quency, including the density, temperature, and path through
the absorbing medium;

2. By normalising the SNR spectra to the frequency, ν∗, and to
the flux density, S ∗, we confirmed, with our larger sample,
that while all SNRs emit energy with independent syn-
chrotron emission power-law indices, turnovers are all well
fit by thermal absorption;

3. For SNRs not showing turnovers, we derived an upper limit
for ν∗ by considering the lowest sampled frequency yielding
a range of 4 MHz ≲ ν∗ ≲ 40 MHz. This result should be
tested and improved by forthcoming surveys pushing SNR
spectra to lower frequencies, especially <50 MHz where
sensitivity to absorption is markedly increased;

4. Emission (α) and absorption (ν∗) spectral parameters do not
show any significant correlation indicating two unrelated,
independent processes. For example, absorption beyond the
nominal boundaries of the synchrotron emitting plasma
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seem oblivious to the details and history of the shock accel-
eration processes within the remnant. For our three samples
of SNR spectra with turnovers we found the characteristic
frequency ranges of 10 MHz ≲ ν∗ ≲ 100 MHz;

5. There is no evidence for a correlation between absorption
and global Galactic geometric parameters such as heliocen-
tric distance and Galactic longitude, as would be expected if
the distribution of the absorbing gas were continuous. Our
result is also valid for pure power-law SNR spectra. This is
consistent with Kassim (1989) who inferred that SNRs were
being absorbed by an intervening patchy distribution of H II
regions or their envelopes whose distances were unknown;

6. Modelling based on a distribution of H II regions tracking
Galactic spiral arms produces patchy absorption towards a
mock SNR population consistent with the limited observa-
tions to date. One prediction of this scheme is that strongly
absorbed SNRs should be located preferentially towards the
fourth Galactic quadrant relative to the first;

7. Emission measures predicted from NE2001 could not match
the observations. We attribute the discrepancy to the fact that
the NE2001 model assumes a nearly continuous distribution
of ionised gas and relies predominantly on a relatively nearby
population of PSRs. The NE2001 model predicts a correla-
tion between absorption and distance, particularly for greater
distances, that is not observed.

Unfortunately, the incompleteness of current SNR catalogs, and
absence of low frequency spectra, even for those that are known,
preclude making a much more detailed comparison between
models and observations. This motivates the completion of
deeper, global surveys at both MHz and GHz frequencies to
push all SNR spectra to lower frequencies and to fully sample
the intrinsic properties such as density, temperature, size, and
distance, of intervening Galactic thermal gas. Arc-second reso-
lution observations below 100 MHz, as provided by LOFAR and
emerging low-frequency instruments such as LWA and Square
Kilometre Array-Low, are critical for discerning the relative
radial superposition of SNRs and H II regions along complex
lines of sight. Given readily available kinematic distances to
H II regions, this can offer powerful physical constraints for
SNRs whose distances are far more problematic.
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Appendix A: SNR radio-continuum spectral parameters

Table A.1. Radio continuum spectral parameters for the SNR sample used in this work.

SNR α ν0 τ0 ν1 S 1 ν∗ S ∗
[MHz] [MHz] [Jy] [MHz] [Jy]

G18.8+0.3 (Kes 67) −0.373 74 0.043 74 79.75 16.54 139.46
G21.8−0.6 (Kes 69) −0.505 74 0.088 74 208.00 23.26 373.16
G23.3−0.3 (W41) −0.628 74 1.214 74 347.20 81.16 327.62
G27.4+0.0 (Kes 73) −0.690 74 0.878 74 34.72 69.55 36.24
G29.7−0.3 (Kes 75) −0.659 74 0.176 74 50.87 32.36 87.74
G31.9+0.0 (3C 391) −0.521 74 1.210 74 90.70 81.03 86.51
G39.2−0.3 (3C 396) −0.351 74 0.063 74 41.65 19.84 66.11
G41.1−0.3 (3C 397) −0.356 74 0.141 74 75.30 29.11 104.96
G43.3−0.2 (W49B) −0.461 74 0.580 74 111.80 57.09 125.96
G189.1+3.0 (IC 443) −0.388 74 0.016 74 436.90 10.24 941.26
G290.1−0.8 (MSH 11−61A) −0.421 74 0.258 74 137.80 38.82 180.80
G316.3+0.0 −0.893 74 0.215 74 166.20 35.59 319.52
G0.9+0.1 −0.64 100 0.820 2000 6.9 90.98 49.86
G1.05−0.1 −0.66 100 2.000 1700 13.0 139.10 67.83
G6.4−0.1 (W28) −0.42 100 0.080 450 440.0 30.04 1371.00
G8.7−0.1 (W30) −0.48 100 0.150 940 80.0 40.52 361.80
G9.8+0.6 −0.56 100 0.670 740 4.1 82.64 13.99
G11.2−0.3 −0.49 100 0.240 6000 9.2 50.68 95.43
G11.4−0.1 −0.46 100 0.430 1000 6.0 66.91 20.82
G15.9+0.2 −0.63 100 0.160 1100 4.2 41.78 32.97
G16.7+0.1 −0.53 100 0.530 960 2.9 73.91 11.29
G18.8+0.3 (Kes 67) −0.42 100 0.030 580 37.0 18.83 156.10
G20.0−0.2 −0.00 100 0.05 180 10.0 24.01 10.00
G21.8−0.6 (Kes 69) −0.50 100 0.050 600 77.0 24.01 384.90
G22.7−0.2 −0.40 100 0.560 1850 59.0 75.87 211.70
G23.3−0.3 (W41) −0.48 100 0.550 190 190.0 75.23 296.40
G24.7−0.6 −0.59 100 0.760 800 8.0 87.75 29.47
G24.7+0.6 −0.14 100 0.220 1600 18.0 48.63 29.36
G27.4+0.0 −0.71 100 0.380 560 9.4 63.08 44.30
G29.7−0.3 (Kes 75) −0.59 100 0.060 3100 4.4 26.19 73.56
G31.9+0.0 (3C 391) −0.51 100 0.520 2200 15.5 73.24 87.89
G39.2−0.3 (3C 396) −0.48 100 0.060 840 20.0 26.19 105.70
G39.7−2.0 (W50) −0.50 100 0.055 760 90.0 25.13 495.00
G40.5−0.5 −0.51 100 0.220 410 19.5 48.63 57.84
G41.1−0.3 (3C 397) −0.46 100 0.070 10000 7.0 28.19 104.30
G78.2+2.1 (γ-Cygni) −0.73 100 0.280 1480 40.0 54.54 2671.00
G82.2+5.3 (W63) −0.63 100 0.270 1900 73.0 53.61 691.10
G89.0+4.7 (HB21) −0.39 100 0.012 800 240.0 12.17 1228.00
G111.7−2.1 −0.75 100 0.010 180 11500.0 10.94 93922.52
G120.1+1.4 −0.62 100 0.010 520 86.0 11.16 930.89
G189.1.1−3.0 −0.42 100 0.010 700 190.0 11.16 1080.67
G205.5+0.5 (Monoceros) −0.47 100 0.080 1300 135.0 30.04 793.20
G206.9+2.3 (PKS 0646+06) −0.51 100 0.060 360 10.0 26.19 38.06
G6.4−0.1 (W28) −0.4 30.9 0.9 408 424.0 29.39 1214.00
G11.2−0.3 −0.5 30.9 2.1 408 30.0 43.99 91.36
G11.4−0.1 −0.4 30.9 3.7 408 7.1 57.61 15.53
G15.9+0.2 −0.7 30.9 2.1 408 8.5 43.99 40.41
G18.8+0.3 (Kes 67) −0.5 30.9 0.6 408 49.0 24.23 201.10
G21.8−0.6 (Kes 69) −0.5 30.9 0.9 408 95.0 29.39 354.00
G22.7−0.2 −0.2 30.9 3.5 408 65.0 56.11 96.66
G23.3−0.3 (W41) −0.4 30.9 7.2 408 119.0 79.11 229.40
G29.7−0.3 (Kes 75) −0.6 30.9 0.8 408 15.0 27.79 75.20
G39.2−0.3 (3C 396) −0.4 30.9 0.5 408 25.0 22.21 80.09
G40.5−0.5 −0.5 30.9 2.1 408 16.0 43.99 48.73
G41.1−0.3 (3C 397) −0.4 30.9 0.9 408 39.0 29.39 111.70
G43.3−0.2 (W49) −0.4 30.9 0.9 408 46.0 29.39 131.80
G355.9−2.5 −0.5 30.9 1.1 408 12.0 32.33 42.63

Notes. Each group of rows, separated by a horizontal line, corresponds to Castelletti et al. (2021) and this work data, Kovalenko et al. (1994b), and
Kassim (1989) sample, respectively. Column 1 is the SNR identification name while columns 2 to 6 are published parameter for Eq. (1) taken from
these references. For SNRs G189.1+3.0, G290.1−0.8, and G316.3+0.0, we derived the parameters through spectral fits to the datasets constructed
for this study. Column 7 and 8 display our computed values for ν∗ and S ∗, respectively, using ν∗ = τ

1/2.1
0 ν0 and S ∗ = S 1(ν∗/ν1)α (see Eq. 2).
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