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ABSTRACT

Context. Extended radio continuum emission and its linear polarization play a key role in probing large-scale structures of synchrotron
and free-free emission in the Milky Way. Despite the existence of many radio continuum surveys, sensitive, high-angular-resolution
single-dish surveys of extended radio continuum emission remain scarce.

Aims. Our objective is to deliver a Galactic plane survey of extended radio continuum emission within the 4-8 GHz frequency range,
achieving an unprecedented angular resolution of <3’. As part of the GLObal view of STAR formation (GLOSTAR) survey, we also
crucially complement existing data from the Karl G. Jansky Very Large Array (VLA) by addressing the missing zero-spacing gap.
Methods. Within the framework of the GLOSTAR Galactic plane survey, we performed large-scale radio continuum imaging obser-
vations toward the Galactic plane in the range —2° < £ < 60° and |b| < 1.1°, as well as the Cygnus X region (76° < ¢ < 83° and
—1° < b < 2°) with the Effelsberg 100-m Radio Telescope.

Results. We present the Effelsberg continuum survey at 4.89 GHz and 6.82 GHz, including linear polarization, with angular
resolutions of 145” and 106", respectively. The survey has been corrected for missing large-scale emission using available low-angular-
resolution surveys. Comparison with previous single-dish surveys indicates that our continuum survey represents the highest-quality
single-dish data collected to date at this frequency. More than 90% of the flux density missed by the VLA D-array data is effectively
recovered by the Effelsberg continuum survey. The improved sensitivity and angular resolution of our survey enable reliable mapping
of Galactic magnetic field structures, with polarization data less affected by depolarization than in previous surveys. The GLOSTAR
single-dish continuum data will be released publicly, offering a valuable resource for studying extended objects including Hii regions,
supernova remnants, diffuse interstellar medium, and Galactic structure.

Key words. surveys — HII regions — ISM: supernova remnants — galaxies: general — radio continuum: general —
radio continuum: ISM

1. Introduction

Ionized gas constitutes a significant component of the interstel-
lar medium (ISM), accounting for ~20% of the total gas mass
within the Milky Way (e.g., Tielens 2010; Draine 2011). This

* Corresponding author: ygong@mo.ac.cn
** Jansky Fellow of the National Radio Astronomy Observatory.

" Deceased.

component fills the gaps between the colder and denser phases
of the ISM, namely the cold and warm neutral media (CNM
and WNM). Widespread throughout the Galactic plane, ionized
gas exerts a critical influence on the Galaxy’s dynamics, energy
balance, and overall structure. Therefore, investigating the prop-
erties of the Galactic ionized gas is essential for a comprehen-
sive understanding of the physical processes of star formation,
Hu regions, supernova remnants (SNRs), stellar feedback, and
Galactic structures.
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Radio continuum surveys are indispensable for studying
ionized gas in the Milky Way, detecting both nonthermal syn-
chrotron and thermal bremsstrahlung (i.e., free-free) radiation
from electrons in ionized gas (e.g., Wilson et al. 2013; Condon &
Ransom 2016). These emissions, prominent at centimeter wave-
lengths, can penetrate dust clouds that obscure observations
at optical wavelengths, providing an unobstructed view of the
ionized ISM.

A large number of single-dish and interferometric radio con-
tinuum surveys have already been carried out to study the Galac-
tic plane (e.g., Reich et al. 1984; Condon et al. 1998; Beuther
et al. 2016; Padmanabh et al. 2023). While interferometric radio
continuum observations provide a high-angular-resolution view
of the radio continuum emission, the missing short spacings in
the uv-space make these observations insensitive to large-scale
radio continuum structures (see Fig. 1 in Medina et al. 2019).
Combining single-dish and interferometric data enables a Galac-
tic plane survey to capture continuum and polarized emission
structures across all angular scales larger than the interferom-
eter’s angular resolution (Landecker et al. 2010; Wang et al.
2020; Brunthaler et al. 2021; Dokara et al. 2023). Hence, single-
dish radio continuum surveys are important for recovering the
large-scale radio continuum structure.

Single-dish radio continuum studies of the Milky Way date
back to the pioneering work of Reber (1944). Existing radio con-
tinuum Galactic plane surveys with angular resolutions of 20’ or
better — conducted with ground-based single-dish telescopes —
span frequencies from around 1 GHz up to ~10 GHz (Altenhoff
et al. 1970; Condon et al. 1989; Reich et al. 1990a; Fiirst et al.
1990; Reich et al. 1990b; Handa et al. 1987; Sun et al. 2011b;
Irfan et al. 2015; Sun et al. 2025). Space telescopes such as
the Wilkinson Microwave Anisotropy Probe (WMAP) and the
Planck space telescope cover higher frequencies than ~23 GHz
(Page et al. 2007; Planck Collaboration I 2020). However, all
single-dish radio continuum surveys have angular resolutions of
=27, indicating a scarcity of high-angular-resolution single-dish
radio continuum surveys. Our Effelsberg radio continuum sur-
vey aims to address this gap, achieving an angular resolution of
<2'4. While the angular resolution of our survey is similar to
the early Effelsberg 5 GHz survey by Altenhoff et al. (1979),
the survey sensitivity will be significantly enhanced, thanks to
advancements in receiver system technology.

As part of the Global View on Star Formation in the Milky
Way (GLOSTARY) survey (Medina et al. 2019; Brunthaler et al.
2021), we conducted large-scale radio continuum imaging obser-
vations of the Galactic plane at 4-8 GHz with the Effelsberg 100-
m Radio Telescope. These observations complement the Karl G.
Jansky Very Large Array (VLA) survey, enhancing our study of
Galactic structures on all scales down to ~1”. The GLOSTAR
data have already been used in a wide range of studies. These
include the compilation of catalogs of compact radio continuum
sources (Medina et al. 2019; Dzib et al. 2023; Yang et al. 2023;
Medina et al. 2024) and the estimation of the present-day star for-
mation rate in the central molecular zone (Nguyen et al. 2021).
The data have also been employed to study radio recombination
line (RRL) emission from bright Hu regions (Khan et al. 2024),
to identify the youngest Hu regions, examine their variability
(Yang et al. 2025), and characterize SNRs (Dokara et al. 2021,
2023). In addition, GLOSTAR has enabled searches for 6.7 GHz
class II CH3OH masers (Ortiz-Leén et al. 2021; Nguyen et al.
2022) and investigations of 4.8 GHz formaldehyde absorption in
Cygnus X (Gong et al. 2023). The Effelsberg radio continuum

! https://glostar.mpifr-bonn.mpg.de/glostar/
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component of the GLOSTAR survey will allow us to explore the
large-scale radio continuum structures in the Milky Way.

Although smaller portions of our Effelsberg radio contin-
uum observations, combined with the VLA observations, have
been previously reported (e.g., Brunthaler et al. 2021; Dokara
et al. 2023; Gong et al. 2023), these studies are limited to spe-
cific regions. Here, we extend this research by investigating the
properties of radio continuum emission in the Galactic plane,
providing insights into the characteristics on a Galactic scale.

Observations and data reduction are described in Sect. 2.
Subsequently, observational results and discussion are presented
in Sect. 3. Our findings are summarized in Sect. 4.

2. Observations and data reduction
2.1. Observations with the Effelsberg 100 m telescope

As an important component of the GLOSTAR survey
(Brunthaler et al. 2021), we performed large-scale 4—-8 GHz radio
continuum observations using the Effelsberg 100-m Radio Tele-
scope”. The observed regions include the Galactic plane in the
range —2° < £ < 60° and |b| < 1.1°, as well as the Cygnus X
region (76° < € < 83° and —1° < b < 2°). These observations
were carried out between 2019 January 11 and 2023 August
23 (project codes 102-20 and 22-15). Our observations have
a sky coverage of ~145 square degrees in total. Although the
continuum and spectral-line observations were conducted simul-
taneously, here we focus on the continuum and polarization
observations. For the continuum observations, the SPEctro-
POLarimeter (SPECPOL) backend was used to record the full
Stokes continuum emission in the MBFITS format®. SPECPOL
offers two frequency bands, spanning 4-6 GHz (lower band) and
6—8 GHz (upper band), respectively. Each band is divided into
1024 channels, yielding a channel width of 1.95 MHz.

For observations, the Galactic plane in the range —2° < £ <
60° and |b| < 1.1° was split into 31 fields*, while the Cygnus
X region was split into three fields. In the pilot region (28° <
¢ < 36° and |b| < 1°), each field was divided into rectangular
cells of 0.2°x2° (Brunthaler et al. 2021). In Cygnus X, each
field was divided into 0.1°x3° cells. The rest of the fields were
divided into rectangular cells of 0.2°x2.2°. These cells facilitate
flexible observing schedules. Before the observations began, the
high-speed analog-to-digital converters (ADCs) were calibrated
to minimize offset, gain, and phase (OGP) variations within each
converter in a procedure similar to that in Patel et al. (2014).
Following the OGP corrections, the time delay between the two
signal paths were measured by computing the correlation of a
common noise source fed to the ADCs. Subsequently, this delay
was compensated for in the SPECPOL firmware by delaying one
of the signals appropriately before computing the Stokes param-
eters. The on-the-fly (OTF) mode was used to map each cell with
a scanning speed of 90” per second and a step of 30”to fulfill the
Nyquist sampling condition. Each region was mapped in both
Galactic longitude and latitude to enable basket weaving and
suppress the scanning artifacts (e.g., Miiller et al. 2017). During
the observations, system temperatures were typically 28-42 K.
Focus was verified after sunrise and sunset. Nearby pointing

2 The 100 m telescope at Effelsberg is operated by the Max-Planck-
Institut fiir Radioastronomie (MPIfR) on behalf of the Max-Planck-
Gesellschaft (MPG).

3 https://fits.gsfc.nasa.gov/registry/mbfits.html

4 See http://gongyan2444.github.io/progress.html for
instance.
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observations were carried out every 2—3 hours. The rms pointing
uncertainty was found to be within 10”.

The calibrators 3C 286 and NGC 7027 were observed to
derive accurate bandpass solutions and compute the calibration
fit for the SPECPOL data (Ott et al. 1994; Brunthaler et al.
2021; Perley & Butler 2013, 2017). The calibration of the Stokes
parameters (I, U, Q) was performed by applying the Miiller
matrix (e.g., Heiles et al. 2001) obtained by observing 3C 286 at
different parallactic angles. To minimize radio-frequency inter-
ference (RFI) in the raw continuum data, we selected discontin-
uous channels centered at 4.89 GHz and 6.82 GHz, respectively,
to produce the radio continuum images (see Fig. A.1). These
channels cover a bandwidth of ~120 MHz at both frequen-
cies. The narrow bandwidth also helps reduce the depolarization
effects. According to maps of the unpolarized source 3C 295 (see
Fig. A.2), the “on-axis” instrumental polarization reaches up to
0.5% in both continuum bands but higher within the “butterfly-
shaped” response within the main-beam area. This calibration
was further validated by mapping 3C 286 at various parallactic
angles. The resulting polarization angle agrees within 1° uncer-
tainty, and the polarization fraction is consistent to within 1%
uncertainty, confirming the robustness of our calibration. Based
on Gaussian fitting of unresolved continuum sources, we mea-
sured the half-power beam widths (HPBWs) to be 145" and
106" at 4.89 GHz and 6.82 GHz, respectively. The observations
for the region at 22° < £ < 26° were significantly affected by
geostationary satellites. To minimize the impact of RFI during
satellite passages, this region was observed multiple times, with
only apparently “clean” sub-scans selected for subsequent anal-
ysis. The radio continuum data were reduced with the toolbox
program and the NOD3 software package (Miiller et al. 2017).

Since the radio continuum emission is prevalent through-
out the observed region, the rms noise levels are difficult to
determine directly from the Stokes I map. We made use of the
constrained diffusion decomposition (CDD) method? to decom-
pose the Stokes / map (Li 2022). We estimated the noise from
the most compact component, where extended emission was
effectively removed and only a few compact sources remained.
We applied the statistics of the emission-free area to estimate
the rms noise in each field, and present the derived noise dis-
tribution in Fig. A.3. The noise levels are 3.9-11.5 mK (i.e.,
1.6-4.7 mJy beam™!) in the lower band and 3.2-8.9 mK (i.e.,
1.4-3.8 mJy beam™) in the upper band. The noise distribution is
similar for both bands, with slightly higher levels observed in the
lower band. For polarized emission, we see a similar decrease in
noise with increasing Galactic longitude with a median value of
about 7 mK at both frequencies. Additionally, elevated noise lev-
els near the Galactic center arise from observations conducted at
low elevations. The observational parameters of this continuum
survey are summarized in Table 1.

2.2. Zero-level restoration

Due to the limited latitude coverage of our observations, the zero
level is not reached, having offsets from the absolute zero level
in the reduced radio continuum images. Similar to our previous
efforts (Brunthaler et al. 2021; Gong et al. 2023), the zero-level
intensities of our Effelsberg data requires restoration.

While the restoration for the Cygnus X region was performed
in Gong et al. (2023), the Galactic plane in the range —2° <
¢ < 60° and |b| < 1° remains uncorrected. For 10° < £ < 60°,

5 The code is available at https://github.com/gxli/
Constrained-Diffusion-Decomposition

Table 1. Observational parameters of the Effelsberg continuum survey.

Parameters Lower band  Upper band
Central frequency 4.89 GHz 6.82 GHz
System temperature 28-42 K 28-42 K
HPBW 145" 106"
Bandwidth ~120 MHz ~120 MHz
Grid 30"%x30” 30"%30”
1o rms for I 39-11.5mK  3.2-8.9mK

1o rms for Polarized Intensity 5.8-13.0 mK  5.6-13.8 mK
Conversion factor (7T/S,) 2.436 K/ly 2.34 K/ly

we used the Urumgqi 4.8 GHz continuum data (Sun et al. 2007,
2011b). Since these data do not cover —2° < £ < 10°, we instead
used the Parkes 5 GHz data from the southern hemisphere sur-
vey of the Galactic plane (Haynes et al. 1978) for restoration in
this region. Both the Urumgi and Parkes survey data were taken
from the MPIfR’s Survey Sampler®. These surveys cover over-
lapping regions, enabling intensity comparisons. We convolved
both datasets to a common HPBW of 15’ for comparison, as we
only used these for large-scale restoration.

We compare the two datasets within 10° < € < 30° in
Fig. A4. In Fig. A.4a, we notice that the brightness temper-
atures of the Parkes survey data are generally consistent with
those of the Urumgqi survey except for bright compact sources.
Figure A.4b suggests that most of the temperature differences lie
between 0 K and 0.1 K with a median value of 0.028 K. We also
observe that the temperature difference varies with Galactic lati-
tude, as demonstrated for a Galactic longitude of € = 11765 (see
Fig. A.4c). The Galactic longitude at £ = 11265 was selected as it
is predominantly characterized by extended emission and largely
free of bright compact emissions. To mitigate this large-scale
variation, we applied a third-order polynomial fit to the Galactic-
latitude-dependent variation. The fitting result was subsequently
applied to the Parkes 5 GHz data within —2° < £ < 10°, which
effectively matches the intensity scale between the two datasets.
Finally, we combined the Urumqi data and the corrected Parkes
data to provide a template of the large-scale distribution (see
Fig. C.1 in Appendix C).

Following our previous studies (Brunthaler et al. 2021;
Gong et al. 2023), we restored the zero-level distribution of
the GLOSTAR 4.89 GHz continuum data using the large-scale
template derived from the Urumgqi and Parkes surveys. The
restored Effelsberg 4.89 GHz continuum data were convolved
to the Urumgqi survey’s HPBW (9.5)for comparison, as shown
in Fig. A.5. A linear fit to the observed data points reveals
the brightness temperature of the Urumgqi survey to be ~97.4%
of that of the GLOSTAR survey, indicating good agreement
between the two surveys within 4%.

For the polarization data, corrections for zero-level offsets
and baseline distortions are required. Unlike Stokes /, Stokes QO
and U maps can contain negative values, rendering the back-
ground filtering method (Sofue & Reich 1979) used for the
Stokes I maps unsuitable. Instead, we applied a modified ver-
sion of this method (Kothes & Kerton 2002) that accounts for
positive and negative intensity values. For ¢ > 10°, zero-level
offsets were restored using Urumgi polarization data, while for
¢ < 10° we utilized the nine-year WMAP K-band data (Bennett
et al. 2013). We separated small- and large-scale components at

¢ https://www.mpifr-bonn.mpg.de/survey.html
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Fig. 1. Effelsberg 4.89 GHz Stokes I continuum map of the entire GLOSTAR survey. Zoom-in plots of each fields are available via https:
//gongyan2444.github.io/glostar-snr-hii.html, where the green, gray, and red circles represent the known SNRs (Green 2025), SNR

candidates (Anderson et al. 2017; Dokara et al. 2021; Anderson et al.

respectively.

90" angular resolution in both the GLOSTAR and the WMAP
maps. The large-scale WMAP component was scaled assum-
ing a brightness temperature spectral index of § = —2.9 (Reich
& Reich 1988) and added to the GLOSTAR maps. Figure A.6
presents the zero-restoration of the GLOSTAR 4.89 GHz polar-
ization data in the Galactic center. The plot indicates that the
large-scale Stokes U and Q distributions have been success-
fully corrected, while the small-scale structures remain nearly
identical to the original ones. Hence, this approach effectively
corrects zero-level offsets and mitigates baseline distortions in
the Effelsberg polarization maps.

3. Results and discussion
3.1. Overall distribution

Figures 1 and 2 show the Effelsberg 4.89 GHz and 6.82 GHz
Stokes I data from the GLOSTAR survey. The overall distribu-
tions of Stokes / continuum emissions closely resemble those

A230, page 4 of 18

2025), and Hi regions from the WISE catalog (Anderson et al. 2014),

observed in early radio continuum images (e.g., Altenhoff et al.
1970; Haynes et al. 1978; Reich et al. 1990a,b; Sun et al. 2007,
2011b) but with higher angular resolution. The bulk of the bright
emission is confined near the Galactic midplane and declines
rapidly with increasing latitude (see the scale-height analysis
in Appendix B), indicating that it predominantly traces struc-
tures within the Galactic disk. Numerous extended structures are
evident throughout the maps. The brightest among them corre-
spond to well-known Hu regions and SNRs, which contribute to
the thermal and nonthermal emission budgets, respectively (see
Sect. 3.4 for a detailed discussion). These sources also play a
role in shaping the observed asymmetry of the latitude profile
(see Appendix B). Beyond these classical sources, the Effels-
berg data also capture a variety of large-scale structures. These
include, for example, the prominent bipolar radio chimney in the
Galactic center, which extends to ~430 pc above the midplane
(e.g. Heywood et al. 2019; Veena et al. 2023), as well as the
bright and extended radio continuum emission associated with
the Galaxy’s major mini-starburst regions, such as Sgr B2, W43,
and W51. In addition to these prominent objects, the Effelsberg
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Fig. 2. Effelsberg 6.82 GHz Stokes / continuum map of the entire GLOSTAR survey.

data also reveal a wealth of compact extragalactic point sources,
filaments, and diffuse features that contribute to the complex
radio continuum landscape of the Galactic plane.

To highlight the improvement in image fidelity of the
GLOSTAR data compared to previous surveys at similar fre-
quencies (Haynes et al. 1978; Condon et al. 1989; Sun et al.
2007), we show the Stokes / continuum maps from different
surveys in Fig. 3. Owing to the higher angular resolution and sen-
sitivity, our GLOSTAR data reveal significantly finer structures
and a higher number of faint sources compared to the Urumgqi
(Sun et al. 2007), Green Bank 6 cm’ (GB6; Condon et al. 1989),
and Parkes (Haynes et al. 1978) radio continuum surveys at
~5 GHz. Furthermore, our data exhibit fewer image artifacts than
the Parkes continuum map, where scanning effects are evident
(see the lower left panel of Fig. 3). The GB6 survey data suffer
from zero-level offsets and uncorrected large-scale distortions,
resulting in extensive regions of negative values in the survey
map (see the lower middle panel of Fig. 3). These issues arise
from the baseline subtraction method adopted in the GB6 survey
(Condon et al. 1989), which tends to suppress extended emission.

7 From
query.pl

https://skyview.gsfc.nasa.gov/current/cgi/

This comparison demonstrates that the GLOSTAR radio contin-
uum data are currently the highest-quality single-dish continuum
data in this frequency range.

3.2. Missing flux: The importance of the Effelsberg 100 m
observations

One of the main goals of the Effelsberg radio continuum sur-
vey is to recover the missing flux in the radio interferometry
data of the GLOSTAR survey, which lack zero-spacing informa-
tion. Given that our VLA observations have shortest baselines
of ~30 m (see Fig. A.7, for instance), our Effelsberg 100 m
observations can perfectly fill the missing zero-spacing gap in
the uv-plane.

We use the Stokes / continuum distribution of the Galactic
center to illustrate the improvement incorporating the Effelsberg
100 m data. As shown in Fig. 4a (see also Fig. 1 in Nguyen
et al. (2021)), our VLA D configuration data have a maximum
recoverable scale of ~4’, resulting in a fragmented image. This
fragmentation arises because the data primarily capture compact
features, while the broader, diffuse emission is not adequately
sampled in the VLA D configuration observations. To mitigate
this issue, we combined the Effelsberg 100 m data with the
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Fig. 3. Comparison of the Effelsberg 4.89 GHz Stokes / continuum map with maps from the Urumgqi, GB6, and Parkes surveys at similar

frequencies.

VLA D configuration data following Dokara et al. (2023). The
resulting image, displayed in Fig. 4b, presents a smooth, continu-
ous distribution that reveals the full extent of the structure across
all angular scales above ~18”— the angular resolution of the
combined data. Consequently, the brightness distribution more
accurately traces extended sources in the Galactic plane.

We constructed the angular power spectra for both datasets to
examine the distribution of power across different angular scales.
The resulting spectra toward the Galactic center are presented in
Fig. 5a. The two power spectra agree well on angular scales <2’.
On larger scales, however, the VLA-only image shows a slight
power deficit relative to the VLA-Effelsberg combined image.
This indicates that, despite the nominal ~4’ largest angular scale
of the D-array, the practical sensitivity to diffuse emission is
reduced because of sparse short-baseline coverage and snap-
shot uv sampling. Compared with the VLA-only image, the
spatial power spectrum of the VLA-Effelsberg combined image
is better described by a single power-law distribution on angu-
lar scales of >1’, showing that the power of the ionized gas
decreases toward smaller angular scales. A linear fit to the data
for angular scales >100" yields a power index of about —2.3,
which is slightly shallower than the 2D Kolmogorov-like spectral
index of —8/3 predicted for isotropic, incompressible turbulence
(Kolmogorov 1941). Previous studies indicate that electron den-
sity fluctuations associated with interstellar turbulence are likely
to follow a Kolmogorov-like spectrum (Armstrong et al. 1995),
which describes an energy cascade from large to small scales.
The slightly flatter spectrum observed here may indicate the non-
negligible contribution of small-scale turbulence to the overall
spectrum (Lazarian & Pogosyan 2000).
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Using the integrated flux densities over each field (see
Sect. 2) in both VLA-only and VLA-Effelsberg combined
images, we estimated the total flux density and thereby quan-
tified the percentage of flux density missed by the VLA data.
Comparing the derived values in Fig. 5b, we find that nearly
all fields miss more than 90% of flux densities in the VLA D
array images. This highlights the crucial role of the Effelsberg
100 m observations in recovering the extended emission for the
GLOSTAR survey.

3.3. Polarization

Polarization data from radio continuum observations provide
valuable insights into magnetic field structures in astrophysi-
cal objects. Figures 6 and 7 present the Effelsberg 4.89 GHz
and 6.82 GHz full Stokes data from the GLOSTAR survey.
Compared to previous polarized continuum surveys at similar
frequencies (Sun et al. 2007; Jew et al. 2019), our Effelsberg
polarization data provide at least a threefold improvement in
angular resolution.

Consistent with previous polarization surveys (e.g. Sun et al.
2007), our observations reveal widespread diffuse polarized
structures that often lack corresponding counterparts in Stokes /.
This effect is particularly pronounced toward the inner Galaxy,
where the polarized emission becomes highly patchy. Two main
classes of mechanisms have been proposed to explain such
behavior (e.g. Sun et al. 2014): (i) intrinsically irregular emis-
sion produced in regions dominated by random magnetic fields
(e.g. Sun et al. 2011b), and (ii) the modulation of a smooth
background by foreground Faraday screens. The latter may arise
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Fig. 4. Comparison of GLOSTAR data with and without incorporating the Effelsberg data at 5.8 GHz. (a) VLA D-array only continuum image.
(b) Combination of VLA D-array and Effelsberg 100 m single-dish images.

from either MHD turbulence within the warm ionized medium
(Gaensler et al. 2011) or discrete ionized structures such as Hu
regions (Gaensler et al. 2001; Sun et al. 2011b). In our data
(e.g., near £ ~ 9°; see Figs. 6 and 7), the polarized emission
appears more fragmented at 4.89 GHz than at 6.82 GHz, con-
sistent with stronger depolarization at the lower frequency and
thus supporting the foreground-screen scenario. Nevertheless,
dedicated studies will be required to robustly quantify the under-
lying mechanisms and to constrain the physical origin of these
depolarizing structures.

From our data, we detect prominent polarization structures
in at least 30 SNRs and SNR candidates. For five sources
(e.g., G8.8583-0.2583, G21.0-0.4, G22.7-0.2, G26.75+0.73,
and G54.4-0.3), which previously showed polarization only in
VLA D-array data (Dokara et al. 2021), our Effelsberg obser-
vations deliver the first single-dish detections of polarization.
Although the VLA data reveal small-scale polarized structures,
they are insensitive to the extended polarized emission fil-
tered out by the interferometer. Our Effelsberg measurements

therefore play a crucial role in recovering large-scale polariza-
tion. Even for SNRs with earlier polarization measurements at
lower frequencies, our observations offer improved constraints
on the intrinsic polarization structures (see Sect. 3.4.2, for
instance). In addition, our observations reveal extended polar-
ization structures that lack corresponding features in Stokes 7,
in agreement with previous polarization surveys (e.g., Sun
et al. 2007). Such “polarization-only” features are commonly
attributed to diffuse Galactic synchrotron emission, with their
morphology and visibility shaped by Faraday rotation and depo-
larization effects along the line of sight.

We note that instrumental polarization has not been com-
pletely removed from the polarization images (see Sect. 2.1 for
details on the instrumental polarization measurements). For
example, a source with a brightness temperature of 7, = 1 K
can contribute up to 10 mK to the polarized intensity maps,
assuming an instrumental polarization level of 1%. Conse-
quently, leakage from bright Hi regions may introduce a
bias in the polarization measurements. By cross-checking
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Fig. 5. (a) Angular power spectra of the VLA-D array, Effelsberg-100 m, and VLA-Effelsberg combined images toward the representative region
near the Galactic center (see Fig. 4). The 2D Kolmogorov-like spectrum is indicated by the dashed black line for comparison. (b) Percentage of
missing flux of the VLA D-array data across the Galactic plane covered by the GLOSTAR survey. The horizontal dashed red line indicates a
missing flux fraction of 10%.
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Fig. 6. Distribution of the Stokes I, Q, U, and polarization intensity maps from the Effelsberg 4.89 GHz continuum emission of the GLOSTAR
survey. Zoom-in plots of each fields are available viahttps://gongyan2444.github.io/glostar-snr-hii.html, where the green, gray, and
red circles represent the known SNRs (Green 2025), SNR candidates (Anderson et al. 2017; Dokara et al. 2021; Anderson et al. 2025), and Hit
regions from the WISE catalog (Anderson et al. 2014), respectively.
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Fig. 7. Distribution of the Stokes /, Q, U, and polarization intensity maps from the Effelsberg 6.82 GHz continuum emission of the GLOSTAR

survey.

the Stokes I and polarization images, we identified a few Hu
regions where such contamination may significantly affect
the polarization results. These include G005.887-00.443,
G008.137+00.232, W31, G010.308-00.150, W33,
G013.880+00.285, M16, G018.144—-00.281, G019.609-00.239,
M17, G020.728—-00.105, G023.957+00.149, G025.382—-00.151,
G29, W43, G032.800+00.190, NRAO584, G037.763-00.212,
W47, W49, G045.121+00.133, K47, W51%, S106, DR7, DRI15,
DR22, and DR21. We therefore caution that the polarization
analysis in these regions should be interpreted with care.

3.4. Extended objects

As shown in the online version of Fig. 1, the GLOSTAR data
encompass 99 known SNRs (Green 2025), 241 SNR candidates
(Anderson et al. 2017; Dokara et al. 2021; Anderson et al. 2025),
and 3633 Hu regions from the WISE catalog (Anderson et al.
2014), suggesting that discrete radio continuum sources are dom-
inated by SNRs and Hn regions in the Galactic plane. Hi regions

8 Although the polarization of W5IC (also known as G49.2-0.7) is
located in the southern part of W51, this SNR shows clear polariza-
tion. Its polarization properties have previously been studied at both low
angular resolutions (Velusamy & Kundu 1974) and high angular resolu-
tions with VLA D-array data (Dokara et al. 2021). Given the extended
nature of the polarized emission, our Effelsberg observations are crucial
for recovering the flux missed by the VLA data.

emit thermal free-free radiation from ionized gas surrounding
young massive stars. In contrast, SNRs are typically character-
ized by nonthermal synchrotron emission. The morphology and
spectral index derived from radio continuum observations pro-
vide key diagnostics of the physical conditions and evolutionary
stages of both Hu regions and SNRs, while the magnetic-field
structure inferred from polarization measurements offers addi-
tional insights into the latter. The GLOSTAR Effelsberg survey
thus provides a valuable dataset for detailed investigations of the
nature and properties of these populations. In the following, we
present case studies of representative examples from each cat-
egory to demonstrate the excellent capability of the Effelsberg
data.

3.4.1. Hu regions

We selected G016.648—00.357 (also known as Sh 2-48) as a rep-
resentative case to demonstrate our analysis methodology toward
an Hu region. At a distance of 3.8 kpc (e.g., Ortega et al. 2013;
Torii et al. 2021), this evolved Hii region is extended with a radius
of ~7’ (i.e., 7.7 pc), making our Effelsberg data more suitable for
analysis compared to the GLOSTAR VLA observations.

Figure 8a presents the radio continuum distribution of this
region, which exhibits a cometary morphology, with a bright
head located toward the northwest and a diffuse tail extend-
ing toward the southeast. No polarized emission is detected in
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Fig. 8. Observed properties of G016.648—00.357 (i.e., Sh 2-48). (a) Effelsberg 4.89 GHz Stokes I image overlaid with the GDIGS RRL integrated-
intensity contours. (b) TT plot between 4.89 GHz and 6.82 GHz at a common angular resolution of 2!65. The dashed red line shows the best fit to
the observed data points. (c) Spatial distribution of the derived electron temperatures overlaid with the GDIGS RRL integrated-intensity contours.
In panels (a) and (c), the integrated velocity ranges from 0 to 70 km s~! for the GDIGS RRL integrated intensity contours, starting at 1 K kms~! and

increasing by 0.5 K kms™!

. The location of the exciting star BD—14 5014 is marked with a gold star. In each panel, the beam is shown in the

lower-left corner, and the scale bar in the top-right corner is based on an assumed distance of 3.8 kpc (e.g., Ortega et al. 2013; Torii et al. 2021).

this region. To constrain the spectral index’, we employed a
temperature—temperature (TT) plot, which is not affected by
zero-level uncertainties in the images (e.g., Turtle et al. 1962).
The TT plot, shown in Fig.8b, reveals a linear relation between
the radio continuum emission at 4.89 GHz and 6.82 GHz, with a
high Pearson correlation coefficient of 0.997. A linear fit to the
observed data yields a brightness temperature spectral index of
B = —-2.06 £0.05, consistent with an optically thin spectral index
for Hu regions (e.g., Gao et al. 2019). This result indicates that
continuum emissions at both bands are in excellent agreement
with optically thin conditions.

Electron temperatures are a fundamental parameter for char-
acterizing the physical conditions in Hu regions. Its accurate
determination requires measurements of both the radio con-
tinuum and associated RRL observations. In particular, our
simultaneous RRL and continuum observations enables inves-
tigations into spatial fluctuations of the electron temperature
within Hi regions. To derive electron temperatures, we com-
bined our continuum maps with RRL data from the GBT Diffuse
Ionized Gas Survey (GDIGS'"; Anderson et al. 2021), which
provides Hne measurements at a mean frequency of 5.69 GHz
and an angular resolution of 265. To match this resolution, we
convolved our radio continuum data at both frequencies to 2!65.
The continuum emission at 5.69 GHz was then derived by inter-
polating our convolved data using the brightness temperature
spectral index § = —2.06. Assuming optically thin emission and
adopting a main beam efficiency of 92%'! for the GDIGS data,
electron temperatures, T, were calculated following the relation

(e.g., Wenger et al. 2019):
_1)08
-l |, nCHe?) N
n(H*)

- ol ()

® The spectral index «, defined as S, ~ v*, can be related to the
Rayleigh-Jeans approximation, where S, ~ v*Tg. As the brightness
temperature spectral index S is defined as Ty ~ V#, this yields @ = 8+ 2.
10 http://astro.phys.wvu.edu/gdigs/

' https://www.gb.nrao.edu/GBT/DA/gbtidl/gbtidl_
calibration.pdf

Av
km s-!

%
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where g—f is the continuum-to-line ratio, Av is the full width at

half maximum (FWHM) line width, and n(*He")/n(H") is the
He*/H* abundance ratio, assumed to be 0.08 (e.g., Quireza et al.
2006; Gong et al. 2015).

The resulting distribution of electron temperatures is shown
in Fig. 8c; it spans 4351 K to 7819 K, with a median of 5685 K.
The associated 1o~ uncertainties range from 193 K to 813 K, with
a median uncertainty of 418 K. These values are slightly lower
than those predicted by the Galactic electron temperature gra-
dient (e.g., Khan et al. 2024). In this figure, elevated electron
temperatures are preferentially found at the boundary of the Hi
region, exhibiting a gradient that decreases toward the center.
Such a temperature structure is likely driven by photon hardening
effects at the edges (see Figure 7.9 in Tielens 2005, for instance;
Khan et al. 2022), where lower-energy photons are preferentially
absorbed by neutral hydrogen due to their larger ionization cross
sections, allowing higher-energy photons to penetrate further
into ambient gas.

3.4.2. Supernova remnant

As an example for an extended SNR from our survey, we present
maps of SNR W28 (also known as G6.4-0.1), a well-known
mixed-morphology SNR associated with very high-energy y-ray
sources (Aharonian et al. 2008) and a runaway pulsar (Frail et al.
1993). In particular, polarization measurements of W28 are rare,
with only a few early studies available (e.g., see Fig. 9b in Kundu
& Velusamy 1972 and Fig. 15 in Dickel & Milne 1976). In Fig. 9,
we present a comparison of the polarization results toward W28
from the 2.695 GHz Effelsberg Galactic plane survey (Duncan
et al. 1999) and our GLOSTAR survey. Strong, ordered linear
polarization is detected along its radio shell at 4.89 GHz and
6.82 GHz in our GLOSTAR data, with the inferred magnetic
field vectors (obtained by rotating the observed polarization vec-
tors by 90°) oriented nearly parallel to the shell and exhibiting
low dispersion in polarization position angles. This tangential
distribution is consistent with the expected compression of mag-
netic fields by the supernova shock, a phenomenon commonly
observed in evolved SNR shells (e.g., Reich et al. 1992; Fiirst
& Reich 2004; Han 2017). Furthermore, the tangential pattern
observed in our data is more pronounced than that seen in
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Fig. 9. GLOSTAR radio continuum data of W28. (a) Linear polarization intensity maps overlaid with the magnetic-field vectors from the 2.695 GHz
Effelsberg Galactic plane survey. The white contours represent the 2.695 GHz Stokes I continuum emission, starting at 2.5 K and increasing in
steps of 2.5 K. (b) Similar to panel a, but using GLOSTAR 4.89 GHz continuum data, with white contours starting at 1.0 K and increasing in steps
of 1.0 K. (¢) Similar to panel a, but based on GLOSTAR 6.82 GHz continuum data, where white contours start at 0.5 K and increase in steps of
0.5 K. In panels a—c, the polarization angles are rotated by 90° to trace the magnetic-field directions, indicated by black bars. The position of the
runaway pulsar PSR B1758-23 (i.e., PSR J1801-23), thought to be associated with W28 (Frail et al. 1993), is indicated by a cyan star. In each
panel, the beam is shown in the lower-left corner, and the scale bar in the top-right corner is based on an assumed distance of 2 kpc (Veldzquez
et al. 2002). (d) TT plot of the northeastern shell between 4.89 GHz and 6.82 GHz at a common angular resolution of 160”. The dashed red line
shows the best fit to the observed data points extracted from the region displayed in the panel in the lower right corner. (e) Distribution of the

derived RMs.

polarization measurements from the 2.695 GHz Effelsberg
Galactic plane survey (see the left panel of Fig. 9) and previ-
ous studies (Kundu & Velusamy 1972; Dickel & Milne 1976),
indicating significant depolarization effects at lower frequencies.

We also employed the TT plot method to derive the spec-
tral index of the source. W28 is known to be superimposed
with several Hu regions along the line of sight (e.g., Anderson
et al. 2014). To minimize contamination from thermal emission,
we therefore restricted our analysis to the northeastern shell to
determine the spectral index. As shown in Fig. 9d, a clear linear
relation is observed between the two bands, with a high Pearson
correlation coefficient of 0.996. A linear fit to the data yields
a brightness temperature spectral index of g = —2.59 + 0.06
(i.e., « = —0.59 £ 0.06), which is much steeper than the a =
—0.35 £+ 0.18 value reported at lower frequencies (Dubner et al.
2000). This difference could be due to our choice of region, as
the northeastern shell is less affected by emission from nearby
Hu regions compared to previous studies.

The interquartile range of the linear polarization degrees
spans 6% to 10% (peaking at 15%) at 4.89 GHz and 6% to 12%
(peaking at 17%) at 6.82 GHz, with both frequencies exhibit-
ing a median value of 8%. These results indicate consistently
high levels of linear polarization fractions across the two bands.
According to the synchrotron theory (e.g., Wilson et al. 2013),
the intrinsic degree of linear polarization of synchrotron radi-
ation emitted by relativistic electrons spiraling in a uniform
magnetic field is given by

3-3a

I, =
07 5 3¢

@)

where @ = 8 + 2. Adopting a brightness temperature spectral
index of B = —2.59, we obtain Ily = 70%, which is much
higher than our measured values. If the reduction in the observed
polarization degree is attributed to the presence of a ran-
dom magnetic-field component, the observed linear polarization

A230, page 11 of 18



Gong, Y., etal.: A&A, 706, A230 (2026)

degree can be expressed as

H2

II=1II —”’
H2 + H?

3

where H, and H; are the uniform and random field strengths
(e.g., Burn 1966), respectively. Using a median value of 8% for
the observed degree of linear polarization, we can estimate the

2
uniform-to-random field ratios, fT;, to be about 0.13. For a max-

imum IT = 15%, ng increases to 0.27. If Faraday depolarization

also contributes to the reduced degree of linear polarization, the
2
estimated fT‘; values should be taken as lower limits.

Our survey provides polarization data at two frequency
bands, enabling the determination of rotation measures (RMs).
We convolved the Stokes Q and U maps from both bands to a
common angular resolution of 160” and recalculated the polar-
ization angles. Neglecting the nm ambiguity arising from the
indistinguishable orientation of the vector under a 180°(i.e., )
rotation, we derived the RMs directly from the polarization
angles at the two frequencies. The RM map is shown in Fig. 9e.
The resulting RMs range from —61.0 to 44.1 rad m™2 in the
northeastern shell of W28. These values are significantly lower
than those measured in the textbook mixed-morphology SNR
W44 (e.g., Sun et al. 2011a; Génova-Santos et al. 2017). This may
indicate lower electron densities, weaker line-of-sight magnetic
fields, or differences in the Galactic RM environments.

As shown above, our results represent a significant improve-
ment over earlier polarization studies, with GLOSTAR obser-
vations providing substantially higher quality single-dish data
that trace the intrinsic polarization properties. This enhance-
ment enables a more detailed and reliable investigation of the
polarization and magnetic field structures within the Milky Way.

4. Summary and conclusion

As part of the GLOSTAR survey project, we presented the large-
scale radio continuum observations covering the Galactic plane
in the range —2° < £ < 60° and || < 1°, as well as a sec-
tion in Cygnus X (76° < £ < 83° and —1° < b < 2°) with
the Effelsberg 100-m Radio Telescope. The GLOSTAR dataset
surpasses the quality of previous surveys at similar frequen-
cies, including those from the Urumgqi, Parkes, GB6, and early
Effelsberg surveys. Furthermore, we showed that the Effelsberg
continuum data are crucial for tracing the large-scale structure
of ionized gas in the Milky Way. Our polarization data, less
affected by depolarization effects compared to those at lower
frequencies, offer reliable tracers of the intrinsic magnetic field
orientation. These radio continuum data are freely available to
the scientific community viahttps://glostar.mpifr-bonn.
mpg.de/glostar/ and https://www.mpifr-bonn.mpg.de/
survey.html. The data are provided in FITS and other formats,
facilitating their use for the investigation of extended radio con-
tinuum emission in the Milky Way. The VLA-Effelsberg com-
bined data, which are valuable for studying extended structures
with scales >18”, will be released in a forthcoming publication.
These valuable datasets will significantly contribute to future
studies of astrophysical objects.

Data availability

The zoom-in plots of Figs. 1,2, 6, and 7 are available viahttps:
//gongyan2444.github.io/glostar-snr-hii.html.
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Appendix A: Supplementary data
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Fig. A.1: Waterfall plot illustrating the selected frequency channels used
to construct the radio continuum images. The green-shaded regions
indicate the frequency ranges included in the final continuum maps.
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Fig. A.2: Stokes I, Q, U, and V maps of 3C 295 at 4.89 GHz and 6.82 GHz. The color bars are shown in units of millijansky per beam. This
demonstrates a low degree of instrumental polarization.
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Fig. A.3: Total intensity noise distribution for the Effelsberg continuum
surveys.
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Fig. A.5: Pixel-by-pixel comparison of the observed brightness temper-
atures of the GLOSTAR and the Urumgqi data within 10° < £ < 60°.
The purple contours, derived from Gaussian kernel density estimation,
represent the point density distribution. The dashed green line indicates
equality between the two datasets.
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Fig. A.4: Comparison between the Urumqi 4.8 GHz survey and the
Parkes 5 GHz survey. (a) Pixel-by-pixel comparison of the observed
brightness temperatures of the two survey datasets within 10° < ¢ <
30°. The dashed red line indicates the equality between the two datasets.
(b) Histogram of the brightness temperature differences between the two
surveys. The vertical dashed line denotes the median value of 0.028 K.
(c) Brightness temperature difference as a function of the Galactic lati-
tude for £ = 11°65. The dashed red curve represents the polynomial fit
to the observed distribution.
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Fig. A.6: Zero-level restoration of the GLOSTAR 4.89 GHz polarization data in the Galactic center. Top: GLOSTAR Stokes Q and U emissions in

the field within —2° < ¢ < 2°. Bottom: Corresponding Stokes Q and U images after correction using the WMAP polarization data.
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Fig. A.7: Left: Observed uv coverage of the VLA D-array (blue) and its overlap with the Effelsberg data (gray ring) toward a single VLA pointing.

Right: Zoom-in on the central part of the left panel.
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Appendix B: Scale Height

Figure B.l shows the mean brightness temperature as a func-
tion of Galactic latitude, averaged over the longitude range from
—2°to 60°. The resulting profile is asymmetric, with a maximum
at b = —0°05. The negative latitude side appears systematically
brighter than the positive side, largely due to the presence of
more bright radio continuum complexes at negative latitudes (see
Figs. 1 and 2). This asymmetry is also caused by the Sun’s dis-
placement above the true Galactic midplane (e.g., Reid et al.
2019). Because the IAU coordinate system is defined relative to
the Sun, objects lying in the physical midplane are observed at
slightly negative latitudes. Adopting a Galactocentric distance
of 8.2 kpc for the Sun (Reid et al. 2019), the observed offset of
0205 corresponds to a vertical displacement of ~7.2 pc toward
negative Galactic latitudes, in good agreement with previous
estimates of 5.5 + 5.8 pc (Reid et al. 2019).

To estimate the scale height, we only make use the profile
with b > —0.05°. The distribution follows an exponential decay
rather than a Gaussian distribution. Fitting it with an exponential
function, we obtained Tg = 1.06e=(0+0-05/028 4 023 and Ty =
0.49¢~4+009/023 4 011 for 4.89 GHz and 6.82 GHz, respec-
tively. Thus, the derived scale heights are 0°28 and 0723, which
corresponds to scale heights of 30—40 pc at an assumed distance
of 8.2 kpc. This is significantly smaller than those (0°4-0°6)
measured from Hu regions (Wood & Churchwell 1989; Giveon
et al. 2005). Furthermore, the negative side appears to be have
larger scale heights in terms of the 1/e level which can indi-
cates scale heights of 0°5-027. As discussed earlier, more bright
radio continuum complexes contribute more to the negative side.
Overall, this suggests that the diffuse radio continuum emission
is more tightly confined to the Galactic mid—plane than the more
vertically extended population of Hu regions.

Appendix C: Large-scale template for the zero-level
restoration

As discussed in Sect. 2.2, we combined the Urumgqi data and
the corrected Parkes data into a mosaic at a common HBPW of
15’. The resulting image, shown in Fig. C.1, illustrates a smooth
transition from the Urumgqi data to the Parkes data, offering a
template for the large-scale distribution used in the zero-level
restoration of our GLOSTAR data. This template was further
used to correct the zero-level offsets, and the distributions of the
restored Stokes I maps are shown in Figs. 1 and 2.
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Fig. B.1: Mean brightness temperature profile as a function of Galactic latitude. The vertical dashed line indicates the latitude of maximum intensity.
The two horizontal lines mark the 1/e levels of the peak intensities at the two bands. The dotted lines indicate the corresponding exponential fits to
the profiles.
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Fig. C.1: Distribution of Stokes [ intensity from the Urumqi and Parkes combined data at 5 GHz.
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