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ABSTRACT

Context. Hydrogen recombination lines (HRLs) are valuable diagnostics of the physical conditions in ionized regions surrounding
high-mass stars. Understanding these lines, including broadening mechanisms and intensity trends, can provide insights into HII region
densities, temperatures, and kinematics.
Aims. This study aims to investigate the physical properties of ionized gas around massive protostars by analysing the HRLs (Hα and
Hβ) in the Q band.
Methods. We carried out observations using the Yebes 40m radio telescope in the Q band (30.5–50 GHz) towards six high-mass
protostars selected from the SOMA Survey (G45.12+0.13, G45.47+0.05, G28.20–0.05, G35.20–0.74, G19.08–0.29, and G31.28+0.06).
The observed line profiles were analysed to assess broadening mechanisms, and electron densities and temperatures were derived. The
results were compared with available Q-band data from the TianMa 65-m Radio Telescope (TMRT) that have been reported in the
literature, and ALMA Band 1 (35–50 GHz) Science Verification observations towards Orion KL, analysed in this study.
Results. A total of eight Hα (n = 51 to 58) and ten Hβ (n = 64 to 73) lines were detected towards G45.12+0.13, G45.47+0.05, and
G28.20–0.05; there were no detections in other sources. We derived electron densities of ∼1−5 × 106 cm−3 and temperatures of 8000–
10 000 K for the sources. However, for Orion KL, we obtained an electron density one order of magnitude lower, while its temperature
was found to be more similar. Interestingly, G45.12 and G28.20 show an increasing intensity trend with frequency for both Hα and Hβ
transitions, contrary to the decreasing trend observed in Orion KL.
Conclusions. The line widths of the detected HRLs indicate contributions from both thermal and dynamical broadening, suggesting
the presence of high-temperature ionized gas that is likely kinematically broadened (e.g. due to turbulence, outflows, rapid rotation,
or stellar winds). Pressure broadening caused by electron density may also have a minor effect. We discuss different scenarios to
explain the measured line widths of the HRLs. The contrasting intensity trends between the sources may reflect variations in local
physical conditions or radiative transfer effects, highlighting the need for further investigation through higher-resolution observations
and detailed modelling.

Key words. astrochemistry – line: identification – line: profiles – methods: data analysis – stars: massive – HII regions
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1. Introduction

High-mass protostars and recently formed massive stars may be
identified by the presence of small HII regions, known as hyper-
compact (HC) or ultra-compact (UC) HII regions if their radii
are less than 0.01 and 0.1 parsecs, respectively (e.g. Wood &
Churchwell 1989; Kurtz et al. 1994; Gaume et al. 1995; De Pree
et al. 2004; Giveon et al. 2005; Keto et al. 2008; Churchwell
et al. 2010). These HII regions are expected to be created either
by protostellar outflow shock ionization, especially in the earliest
protostellar phases (e.g. Gardiner et al. 2024), or by photo-
ionization by extreme-ultraviolet radiation emitted from massive
stars, including during the later stages of the main protostel-
lar accretion phase (e.g. Tanaka et al. 2016, 2017; see e.g. Tan
et al. 2014 for a review). A general evolutionary sequence of HII
region expansion is expected as gas density in the vicinity of
protostars decreases.

For example, electron densities of a sample of HC HII
regions have been found to be ≳105 cm−3, at least an order of
magnitude greater than those of UC HII regions with ≳104 cm−3

(Kurtz & Hofner 2005). Radio recombination lines (RRLs) are
high principal quantum n spectral lines emitted by electrons
recombining with a positive ion. These lines, occurring in the
radio frequency portion of the electromagnetic spectrum, are
commonly observed in astrophysical environments, including
HC and UC HII regions (Churchwell 1990). Radio recombina-
tion lines have been widely used in astrophysics, especially as
probes of the physical conditions of the plasma (e.g. Alves et al.
2015).

Previous surveys of RRLs have primarily utilized single-dish
telescopes operating at centimetre (cm) wavelengths. These cm-
RRLs typically exhibit principal quantum numbers of n ≥ 66 and
have been observed with angular resolutions normally of about
a few arc-minutes. Examples of such surveys include those con-
ducted by Lockman (1989), Caswell & Haynes (1987), Anderson
& Bania (2009), Anderson et al. (2014), and Alves et al. (2015).
Furthermore, several studies at higher resolutions, using inter-
ferometers that focus on individual sources (e.g. Gaume et al.
1995; Sewilo et al. 2004; De Pree et al. 2004; Sewiło et al. 2008;
Keto & Klaassen 2008; Zhang et al. 2019a), have provided valu-
able insights into the characteristics of HC and UC HII regions.
For example, these investigations have uncovered significantly
broadened line widths within these regions, which tend to dimin-
ish as the HII region size increases. Hydrogen recombination
lines (HRLs) have also provided key information to constrain
the small-scale physical structure in HC HII regions, revealing
the presence of ionized discs, winds, and jets towards Cepheus A
HW2 and MonR2-IRS2 (Jiménez-Serra et al. 2011, 2013, 2020).

Millimetre and (sub)millimetre HRLs towards HII regions in
a large sample of clumps from the APEX Telescope Large Area
Survey of the Galaxy (ATLASGAL) have been reported using
single-dish telescopes, including the IRAM 30 m, Mopra 22 m,
and APEX 12 m (Kim et al. 2017, 2018). Liu et al. (2022) con-
ducted a Q-band survey towards the Orion KL using the Tianma
65 m radio telescope (TMRT) and detected 177 RRLs. Among
these, 126 were hydrogen RRLs, 40 were helium RRLs, and 11
were carbon RRLs, with maximum changes in principal quantum
number (∆n) of 16, 7, and 3, respectively. Their result suggests
hydrogen and helium RRLs arise from M42, while carbon RRLs
originate from the photodissociation region (PDR). Following
this, Liu et al. (2023) also reported the detection of RRLs of
ions heavier than helium using the TMRT telescope’s multi-band
(12–50 GHz) line survey of Orion KL.

Here, we present Q-band (30.5–50 GHz) line survey data
towards six massive protostars. We report the detection of
18 RRLs towards G45.12+0.13 (hereafter G45.12), G45.47+0.05
(hereafter G45.47), and G28.20–0.05 (hereafter G28.20),
and non-detections in three sources, G35.20–0.74 (hereafter
G35.20), G19.08–0.29 (hereafter G19.08), and G31.28+0.06
(hereafter G31.28). Line analysis of RRLs provides an estimation
of electron densities and temperatures. We discuss the possible
mechanisms of line broadening, including thermal, dynamical,
and pressure contributions. In addition, we employ a theoreti-
cal analysis to constrain the possible electron temperatures and
densities of the HII regions associated with the protostars and
compare these estimates with the observed results.

This paper is organized as follows. Section 2 describes
observational details and data analysis procedures. Results are
presented in Sect. 3. A discussion is presented in Sect. 4, and
finally, in Sect. 5, we provide concluding remarks.

2. Observations, data reduction, and targets

2.1. Observations and data reduction

The line survey data presented in this paper are part of two Yebes
40 m radio telescope (RT40m) Q-band proposals (Proposal IDs:
21A004 and 23A017; PI: Prasanta Gorai), which cover six high-
mass protostars that are part of the SOFIA Massive (SOMA)
star formation survey (PI: J. Tan; De Buizer et al. 2017; Liu
et al. 2019, 2020; Fedriani et al. 2023; Telkamp et al. 2025). The
co-ordinates of our targets (G28.20, G45.47, G45.12, G35.20,
G19.08, and G31.28), along with their line of sight velocities
(vLSR) and distances, are summarized in Table 1.

For the source G28.20, observations were carried out using
the Yebes 40 m single-dish radio telescope from 25 to 27 Octo-
ber 2021 with a total observing time of 15 hours. The other five
sources were observed from 30 March to 18 April 2023, with
a total observation time of 40 hours. The survey was carried
out using new receivers built within the Nanocosmos project
(Tercero et al. 2021), which consisted of two cooled high elec-
tron mobility transistor amplifiers covering the 31.52–49.97 GHz
band with dual polarizations. Fast Fourier transform spectrom-
eters (FFTSs) with a 8×2.5 GHz bandwidth and a spectral
resolution of 38.15 kHz provide full coverage of the Q band in
both polarizations. These observations were performed using the
standard position-switching mode. The beam size varies from
∼54′′ at 32 GHz to 36′′ at 48 GHz. The calibration was per-
formed at the beginning of the position-switching, observing
the sky and both hot and cold loads, and repeating this proce-
dure every 18 min. Pointing and focus were corrected hourly
through pseudo-continuum observations of intense SiO maser
lines towards evolved stars close to our target sources. The point-
ing errors were within 7′′, and the calibration uncertainties are
estimated to be less than 15%.

The off-source positions were regions where the visual
extinction (AV ) is below three mag in the AV maps obtained from
the Atras and Catalogue of Dark Clouds (Dobashi et al. 2005)1.
For our analysis, we converted the observed antenna tempera-
ture (TA) to the main beam brightness temperature (Tmb) using
the main beam efficiency, Beff = 0.738 exp(-(ν(GHz)/72.2)2), and
forward efficiency, Feff = 0.97 (Tercero et al. 2021), using the
formula Tmb = TA × (Feff/Beff). We used the CLASS software

1 https://darkclouds.u-gakugei.ac.jp/more/readme.html
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Table 1. Summary of target sources.

Source RA Dec d dG vLSR Lbol EM Sν
(type) (J2000) (J2000) (kpc) (kpc) (km/s) (L⊙)(d) (pc cm−6) (Jy)

G28.20–0.05 (I) 18h42m58.s12 −4◦13′57.′′644 5.7 4.1 95.6 1.4+1.9
−0.95 × 105 3.6 × 108(a) 0.630(e)

G31.28+0.06 (I) 18h48m11.s82 −01◦26′31.′′01 4.9 4.97 110.0 1.03 × 105 0.234(f)
G45.47+0.05 (II) 19h14m25.s74 +11◦09′25.′′90 8.4 5.80 61.5 3.5+2.4

−1.4 × 105 4.8 × 107(b) 0.200(g)
G19.08–0.29 (II) 18h26m48.s43 −12◦26′28.′′04 4.5 3.84 65.4 –
G35.20–0.74 (III) 18h58m13.s03 +01◦40′36.′′14 2.2 6.45 32.0 6.6+3.7

−2.4 × 104 3.3 × 108 (c) 0.010(h)
G45.12+0.13 (III) 19h13m27.s96 +10◦53′35.′′690 7.4 5.77 59.5 8.0+6.5

−3.6 × 105 1.5 × 109(b) 5.400(g)

Notes. d: distance; dG: galactocentric distance; EM: emission measure; (a) Sewiło et al. (2008); (b) Wood & Churchwell (1989); (c) Beltrán et al.
(2016); (d) Telkamp et al. (2025); Law et al. (2022); Minier et al. (2005), (e) Sewiło et al. (2011), (f) Codella et al. (2010), (g) Hofner et al. (1999),
(h) Beltrán et al. (2016) – total flux obtained by adding flux from all 1.3 cm continuum sources as provided in their Table 2 and Fig. 1b, Sν is the
flux density obtained from Very Large Array (VLA) 1.3 cm observations.

from the GILDAS2 package to create FITS files by reducing and
combining data from the different dates of observations. We con-
ducted line analyses in the CASSIS software (Vastel et al. 2015).
We have detected 18 recombination lines towards three sources:
G28.20, G45.12, and G45.47. In contrast, there is no RRL iden-
tification towards the other three sources: G35.20, G19.08, and
G31.28. Hence, in the remainder of the paper, we focus solely on
the targets for which we have detected HRLs.

2.2. Targets

The sources were selected from the SOFIA Massive (SOMA)
star formation survey (De Buizer et al. 2017; Liu et al. 2019,
2020; Fedriani et al. 2023; Telkamp et al. 2025), which used
SOFIA-FORCAST to measure 8–40 µm emission of a sam-
ple of ≳50 sources. The SOMA sources have well-measured IR
spectral energy distributions (SEDs), allowing for detailed con-
straints on the physical properties of the sources. Our six target
sources belong to three different groups in the SOMA sample:
Type I, ‘MIR sources in IRDCs’ – relatively isolated sources in
infrared dark clouds; Type II, ‘Hypercompact’ – often jet-like,
radio sources, for which the MIR emission extends beyond the
observed radio emission; and Type III, ‘Ultra-compact’ – radio
sources for which the radio emission is more extended than the
MIR emission. The luminosity of all these sources is within the
range of 104–105 L⊙. In our sample, we have two sources of
each type. The source co-ordinates (RA, Dec), distance, system-
atic velocity (vLSR), and bolometric luminosity are provided in
Table 1. In the following sections, brief descriptions of G45.12,
G45.47, and G28.20 sources are provided.

2.2.1. G45.12+00.13

G45.12+00.13 (IRAS 19111+1048) has a measured far kinematic
distance of 7.4 kpc (Ginsburg et al. 2011). The radio morphology
of this region shows a highly inhomogeneous ionized medium
(Vig et al. 2006), which is consistent with the extended mid-
infrared (MIR) morphology (Liu et al. 2019). Vig et al. (2006)
proposed that the source is an embedded cluster of zero-age
main sequence (ZAMS) stars with 20 compact sources, includ-
ing one non-thermal source, identified by their radio emission.
The central UCHII source S14 is deduced to be of spectral type
O6 from the integrated radio emission. However, recent results

2 https://www.iram.fr/IRAMFR/GILDAS/

from Sequeira-Murillo et al. (2025), as part of the SOMA Radio
survey, only detected the very compact point source S20 (i.e.
the non-thermal source) and the innermost part of the UC HII
region source S14. They concluded that most of the emission
to the north-west of the central UC HII region arises from an
extended and diffuse irregular cloud of ionized material, rather
than a cluster of compact sources. Based on SOFIA images, Liu
et al. (2019) found MIR to far-infrared emission peaking at the
S14 position. They did not find a distinct source at the position of
G45.12+0.13 west, and concluded that the MIR extension to the
south-west of S14 could be due to blueshifted outflows, which
are also revealed in the near-infrared. Previously, several HRLs,
such as H30α, H76α, H99α, and H110α, were reported in this
source (Wood & Churchwell 1989; Araya et al. 2002; Churchwell
et al. 2010; Tan et al. 2020).

2.2.2. G45.47+00.05

G45.47+0.05 was first detected as a UC HII region in the radio
continuum at 6 cm (Wood & Churchwell 1989) and lies at a
distance of 8.4 kpc. A bipolar wide-angle ionized outflow was
discovered from the massive protostar G45.47+0.05 using VLA
and ALMA observations (Rosero et al. 2019; Zhang et al. 2019b).
The H30α recombination line showed strong maser amplifica-
tion. It also suggested that there is a photoevaporation flow
launched from a disc of radius 110 au, with an electron tem-
perature (Te) of 104 K and an electron number density (ne)
of 1.5 × 107 cm−3 (Zhang et al. 2019b). High-angular-resolution
(0.4′′) VLA data revealed that G45.47 is resolved into 2 cm con-
tinuum sources separated by 0.4′′ (Rosero et al. 2019). Zhang
et al. (2019a) also reported the presence of an ionized jet candi-
date seen towards the south of the central, brightest component,
possibly of a non-thermal nature.

2.2.3. G28.20–0.05

G28.20–0.05 is an isolated massive protostar associated with
a HC HII region, located at a distance of 5.7 kpc (Sewiło
et al. 2008). There is compelling evidence that ionizing feed-
back occurs within its protostellar core. This feedback man-
ifests through the ionization of its disc wind and, notably,
some surrounding denser gas structures. This is corroborated
by a ring emitting centimetre to millimetre free-free radiation
(Sewiło et al. 2008, 2011; Law et al. 2022). This source shows
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Fig. 1. The observed and Gaussian fitted spectra of Hα and Hβ lines towards G45.12+0.13. The black line represents observed spectra and the red
line depicts the Gaussian fitted spectra.

Fig. 2. The observed and Gaussian fitted spectra of Hα and Hβ lines towards G45.47+0.05. The black line represents observed spectra and the red
line depicts the Gaussian fitted spectra.

chemically rich properties along with recombination lines (Gorai
et al. 2024; Law et al. 2025).

3. Results

3.1. Identification of RRLs and observed line parameters

The rest frequency of RRLs can be expressed as

νRRL
rest = Rmc

(
1
n2 −

1
(n + ∆n)2

)
, (1)

where

Rm =
R∞

(1 + (me/mn))
. (2)

Here, c is the speed of light, R∞ is the Rydberg constant (R∞ =
109737.31568 cm−1), me is the mass of the electron, and mn is
the mass of the corresponding neutral atom. We have six sources
in our sample (see Table 1). We have detected 8 Hα transitions
and 10 Hβ transitions towards three sources. None of these tran-
sitions are detected towards G35.20, G19.08, and G31.28, and
we shall not discuss these sources in the following sections.
Figures 1, 2, and 3 depict the observed recombination lines
towards G45.12, G45.47, and G28.20, respectively. Table 2
summarizes all the detected transitions.

3.2. Properties of millimetre hydrogen recombination lines

Figures 1, 2, and 3 show the observed and Gaussian fitted spec-
tra towards G45.12, G45.47, and G28.20, respectively. The line
width (FWHM, ∆v) and peak intensity (Tmb) of each observed
HRL are measured by fitting a single Gaussian to the observed
spectrum. However, the fitting result obtained for the H55α
line may not be accurate due to the discontinuity feature in the
observed profile. The discontinuity in the observed profile is due
to the emission being detected in two different sections of the
FFTS. The line parameters of all the observed transitions, such
as the rest frequency (ν0), full width at half maximum (FWHM),
intensity, and integrated intensity, are summarized in Table 2.
We find that the line width is around 40 km s−1 for G45.12,
∼ 30–40 km s−1 for G45.47, and ∼30–35 km s−1 for G28.20 (see
Table 2). If we consider a temperature of Te = 104 K, the thermal
line width of hydrogen is 21.4 km s−1. Hence, thermal broaden-
ing alone cannot explain the observed line width, which requires
non-thermal motion of the gas to contribute to the broadening.

Table 3 shows the linewidth ratios of detected Hnα (i.e. n =
51, 55, 53, 54, 55, 57, 58) to the H56α and Hnβ (n = 64, 65, 66,
67, 68, 69, 79, 70 72, 73) to the H71β. The ratios are close to
unity for all transitions, which indicates that different transitions
are probing the same gas under the same physical conditions.
Some relative differences may be due to microturbulence and
different gas kinematics, such as rotation and outflow. The line
width of the recombination lines is discussed in more detail in
Sect. 3.3.
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Fig. 3. The observed and Gaussian fitted spectra of Hα and Hβ lines towards G28.20–0.05. The black line represents observed spectra and the red
line depicts the Gaussian fitted spectra.

Table 2. Summary of Gaussian fit of detected recombination lines towards three high-mass sources.

Line Freq. (MHz) G45.12+0.13 G45.47+0.05 G28.20–0.05

Peak (mK) FWHM (km/s) Int. (K km/s) Peak (mK) FWHM (km/s) Int. (K km/s) Peak (mK) FWHM (km/s) Int. (K km/s)

H51α 48153.60 841.65 ± 2.18 41.46 ± 0.12 36.99 ± 0.15 38.74 ± 0.71 29.30 ± 0.62 1.20 ± 0.03 133.99 ± 1.23 34.60 ± 1.89 4.91 ± 0.27
H52α 45453.72 900.77 ± 2.15 40.78 ± 0.11 38.93 ± 0.14 49.39 ± 0.61 47.83 ± 0.69 2.50 ± 0.05 126.91 ± 1.07 36.68 ± 1.92 4.93 ± 0.26
H53α 42951.97 782.54 ± 2.72 42.66 ± 0.17 35.39 ± 0.19 37.86 ± 0.49 32.21 ± 0.48 1.29 ± 0.03 136.15 ± 0.43 34.24 ± 0.60 4.94 ± 0.09
H54α 40630.50 753.57 ± 6.28 42.51 ± 0.41 33.95 ± 0.43 43.43 ± 0.56 37.37 ± 0.56 1.72 ± 0.03 127.79 ± 0.43 34.36 ± 0.65 4.65 ± 0.09
H55α 38473.36 542.20 ± 8.92 38.65 ± 0.73 22.21 ± 0.56 30.57 ± 0.55 41.48 ± 0.86 1.34 ± 0.04 78.17 ± 0.49 26.09 ± 0.53 2.16 ± 0.05
H56α 36466.26 730.18 ± 2.54 41.55 ± 0.17 32.16 ± 0.17 43.41 ± 0.33 34.78 ± 0.31 1.60 ± 0.02 123.03 ± 0.44 37.97 ± 0.96 4.95 ± 0.13
H57α 34596.38 594.39 ± 4.44 39.22 ± 0.34 24.71 ± 0.28 38.16 ± 0.28 34.30 ± 0.29 1.39 ± 0.02 104.53 ± 0.57 35.88 ± 1.19 3.98 ± 0.13
H58α 32852.20 617.31 ± 3.62 43.68 ± 0.30 28.58 ± 0.26 42.86 ± 0.31 34.07 ± 0.28 1.55 ± 0.02 96.86 ± 0.27 33.93 ± 0.50 3.48 ± 0.05
H64β 47914.18 207.91 ± 0.89 45.10 ± 0.22 9.94 ± 0.06 12.97 ± 1.01 40.74 ± 3.68 0.56 ± 0.07 – – –
H65β 45768.44 198.44 ± 0.68 40.97 ± 0.16 8.62 ± 0.04 11.56 ± 0.37 28.90 ± 1.07 0.36 ± 0.02 22.06 ± 0.66 34.68 ± 5.53 0.81 ± 0.13
H66β 43748.95 184.08 ± 0.54 40.96 ± 0.14 7.99 ± 0.04 12.49 ± 0.24 47.38 ± 1.05 0.63 ± 0.02 33.99 ± 0.58 32.17 ± 2.70 1.16 ± 0.10
H67β 41846.55 171.17 ± 0.58 40.26 ± 0.16 7.31 ± 0.04 11.45 ± 0.24 26.17 ± 0.65 0.32 ± 0.01 19.55 ± 0.62 32.51 ± 5.30 0.67 ± 0.11
H68β 40052.88 165.47 ± 0.45 40.38 ± 0.13 7.08 ± 0.03 10.24 ± 0.28 42.68 ± 1.34 0.46 ± 0.02 30.75 ± 0.49 40.87 ± 4.98 1.33 ± 0.16
H69β 38360.27 160.42 ± 0.77 47.59 ± 0.26 8.09 ± 0.06 10.73 ± 0.18 41.69 ± 0.80 0.47 ± 0.01 21.65 ± 0.51 32.60 ± 4.22 0.75 ± 0.10
H70β 36761.72 160.76 ± 0.64 43.02 ± 0.20 7.33 ± 0.04 10.98 ± 0.19 37.86 ± 0.75 0.44 ± 0.01 25.62 ± 0.41 31.58 ± 2.31 0.86 ± 0.06
H71β 35250.77 152.08 ± 0.98 46.71 ± 0.35 7.53 ± 0.07 11.00 ± 0.20 40.26 ± 0.86 0.47 ± 0.01 22.01 ± 0.31 43.66 ± 5.05 1.02 ± 0.12
H72β 33821.51 142.69 ± 1.69 49.32 ± 0.67 7.46 ± 0.13 – – – 23.50 ± 0.32 30.24 ± 1.77 0.75 ± 0.05
H73β 32468.48 130.03 ± 0.37 40.33 ± 0.13 5.56 ± 0.02 11.67 ± 0.19 33.40 ± 0.64 0.41 ± 0.01 17.60 ± 0.28 34.06 ± 3.19 0.64 ± 0.06

Figure 4 shows the observed intensity variation with fre-
quency for the Hα and Hβ lines. We apply a power-law fit
to the observed trend of HRL intensity with frequency. For
G45.12 and G28.20, both Hα and Hβ lines exhibit positive
spectral indices (slopes close to or above 1), suggesting a
nearly linear or mildly increasing trend of intensity with fre-
quency. In G45.47, the Hα line shows an almost flat dependence
(slope ∼ 0), while Hβ has a slightly rising trend, indicat-
ing a weaker frequency dependence. Furthermore, we com-
pared our results with single-dish observations of Orion KL
(Liu et al. 2022). In contrast to our target sources, Orion
KL shows steep negative slopes for both Hα (–4.01) and Hβ
(–2.23), indicating that the line intensities decrease sharply with
frequency.

Comparing peak intensity ratios of mm-RRLs is useful for
diagnosing whether they are emitted under local thermodynamic
equilibrium (LTE) or non-LTE conditions. The LTE line ratio
between different transitions can be estimated as follows (Dupree
& Goldberg 1970):

RLTE = n2 fn,n+∆n/(m2 fm,m+δm), (3)

where f is the oscillator strength, n is the lower level of a nα
line, and m is the lower level of a higher-order line (here Hβ) at
nearly the same frequency. The oscillator strength values have
been taken from Menzel (1968). The observed line ratio and
LTE ratio are provided in Table 4. The peak-intensity ratios of
both Hα and Hβ lines are, on average, consistent with the cor-
responding LTE ratios. Furthermore, we included the results of
Orion KL in the same table and found that the estimated ratios
slightly deviate from the LTE value.

3.3. Line width of recombination lines

As was described in Galván-Madrid et al. (2012), sev-
eral mechanisms may cause the broadening of RRL line
widths. These include: (a) thermal/microturbulence Gaussian
broadening, caused by the motion of emitting particles and gas
parcels on small scales; (b) pressure (Stark) broadening due to
the perturbation of atomic energy levels by the electric field from
nearby charged particles; and (c) dynamical broadening aris-
ing from bulk gas flows, such as infall, rotation, and outflow. A
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Fig. 4. Comparison of the observed intensity of Hα and Hβ towards our target sources and Orion KL.

Table 3. Ratios of Hnα line width to H56α and ratios of Hnβ line width
to H71β.

Ratio G45.12 G45.47 G28.20 Orion KL∗

H51α/H56α 1.00 0.84 0.91 0.93
H52α/H56α 0.98 1.38 0.97 0.95
H53α/H56α 1.03 0.93 0.90 0.96
H54α/H56α 1.02 1.07 0.90 0.94
H55α/H56α 0.93 1.19 0.69 0.94
H57α/H56α 0.94 0.99 0.94 –
H58α/H56α 1.05 0.98 0.89 –
H64β/H71β 0.97 1.01 – 0.74
H65β/H71β 0.88 0.72 0.79 0.95
H66β/H71β 0.88 1.18 0.74 1.02
H67β/H71β 0.86 0.65 0.74 1.02
H68β/H71β 0.86 1.06 0.94 1.00
H69β/H71β 1.02 1.04 0.75 1.00
H70β/H71β 0.92 0.94 0.72 0.99
H72β/H71β 1.06 – 0.69 1.05
H73β/H71β 0.86 0.83 0.78 –

Notes. ∗ The line width values are from Liu et al. (2022).

comprehensive discussion of these processes and the underlying
physics of RLs is given by Gordon & Sorochenko (2002).

The natural broadening due to quantum uncertainty, ∆E, of
the energy level is negligible for radio and (sub)mm RLs. The
thermal distributions of velocities of both small pockets and
individual particles of gas (i.e. ‘microturbulence’) produce a

Table 4. Comparison of LTE-predicted and observed line intensity
ratios.

Ratio LTE
value

Observed ratio

G45.47 G45.12 G28.20 Orion KLa

H64β
H51α 0.278 0.25 0.25 0.28 0.43
H65β
H52α 0.274 0.20 0.22 0.25 0.31
H67β
H53α 0.283 0.25 0.22 0.19 0.43
H68β
H54α 0.280 0.25 0.23 0.27 0.32
H69β
H55α 0.277 0.33 0.30 0.25 0.33
H70β
H56α 0.274 0.25 0.22 0.23 0.30
H72β
H57α 0.282 0.25 0.24 0.27 –
H73β
H58α 0.279 0.25 0.22 0.27 –

Notes. aData taken from Liu et al. (2022).

Gaussian contribution to the broadening. Neglecting microtur-
bulence, the thermal line width is

∆vth =
(
8 ln 2

kBTe

mH

)1/2
, (4)

where kB is the Boltzmann constant and mH is the mass of the
hydrogen atom. Here, all the gas is assumed to be thermalized
to the electron temperature, Te. The prescription of thermal line
width is independent of electron density and proportional to the
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Fig. 5. Comparison between observed and theoretical line widths of Hα lines for different electron densities and temperatures. In each panel, the
dotted blue line represents the contribution from pressure broadening, the dashed orange line represents thermal broadening, and the dash-dotted
green line depicts the combined contribution from thermal and pressure broadening. Line width data of Orion KL is taken from (Liu et al. 2022).

square root of the temperature. Thermal line widths (dashed
orange lines) for different Hα and Hβ transitions with varying
electron temperatures are shown in Fig. 5 (also see Fig. 6 for Hβ
transitions). The figure shows the thermal line widths for three
sets of electron temperatures and electron densities. For instance,
assuming Te = 7000 K, we obtain ∆vth = 18.54 km s−1.

Pressure broadening shows a Lorentzian shape, increasing
with density and quantum number. Collisions with ions and
electrons contribute differently to the broadening, with the ion
contribution taking the form following Galván-Madrid et al.
(2012)

∆vpr,i ≈

(
Ni

c
ν0

)
(0.06 + 2.5 × 10−4Te)

(n + 1
100

)γi(
1 +

2.8∆n
n + 1

)
, (5)

where γi = 6–2.7 × 10−5Te − 0.13(n + 1)/100. For Te = 9000 K
and Ni = 107 cm−3, the H30α line is virtually free from
ion broadening (0.04 km s−1, and decreases close to linearly
with decreasing Te), whereas the H53α line is broadened by
5.1 km s−1. Under most conditions, collisions with electrons
dominate over those with ions, resulting in a broadening with
a width given by Galván-Madrid et al. (2012)

∆vpr,e ≈

(
8.2Ne

c
ν0

)(n + 1
100

)4.5(
1 +

2.25∆n
n + 1

)
. (6)

For ne = 107 cm−3, the electron broadening for the H53α and
H30α are ≈37.3 km s−1 and 0.6 km s−1, respectively. Figure 5
shows the pressure broadening effect for different electron tem-
peratures and densities. It shows the increasing trend of line
width with both electron density and quantum number of the
transitions.

The final source of broadening is due to bulk motions of the
ionized gas (∆vdyn), which may arise from outflows or winds,
infall or accretion, and rotational dynamics. Hence, the total RL
width (∆v) has contributions from thermal broadening (∆vth),
dynamical broadening from macroscopic gas motions (∆vdyn),
and pressure broadening (∆vpr). The FWHM of the combined
line profile is given by Galván-Madrid et al. (2009)

∆v ≈ 0.534∆vpr + (∆v2dyn + ∆v
2
th + 0.217∆v2pr)

1/2. (7)

The variation in thermal and pressure broadening with differ-
ent electron temperatures and densities is shown in Figs. 5 and
6. These figures compare the measured line widths and theoret-
ical estimates of broadening for Hα and Hβ lines. From these
comparisons, we can examine the impact of various choices
of electron temperature and density. The top and bottom pan-
els of either figure show that with low (∼1 × 105 cm−3) or
high (∼1 × 107 cm−3) electron density, the theoretical prediction,
such as the combined thermal and pressure broadening effect,
cannot explain the observed line widths for sources G45.12,
G45.47, and G28.20, even with higher electron temperatures
(10 000 K). For the low-electron-density case, it is underpre-
dicted, and for the high-electron-density one, it is overpredicted.
However, we find reasonably good matches between the theoreti-
cal estimation and observations at intermediate electron densities
(∼1−5 × 106 cm−3) and electron temperatures of around 8000–
10 000 K. On the other hand, it is clear from Figs. 5 and 6
that the pressure broadening shows an increasing trend of line
width with quantum number n and electron density, whereas our
observed line width for different recombination lines is more or
less similar, which indicates that dynamical broadening would
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Fig. 6. Comparison between observed and theoretical line widths of Hβ lines for different electron density and temperature. The dotted blue line
represents the contribution from pressure broadening, the dashed orange line represents the thermal broadening, and the dash-dotted green line
depicts the combined contribution from thermal and pressure broadening. Line width data of Orion KL are taken from (Liu et al. 2022).

be important in this scenario. We did not include the dynam-
ical broadening in the comparison because we do not know
the microscopic motion of the gas. Nevertheless, we note that
the level of dynamical broadening is degenerate with contri-
butions from thermal broadening. Thus, low-temperature and
low-density models could yield acceptable fits to the data when
a dynamical broadening component is included (see Sect. 4).
High-resolution data of the HRLs are needed to search for poten-
tial spatially resolved velocity gradients that may yield more
direct constraints on the level of dynamical broadening.

3.4. Electron temperature and density

Since our observations are single-pointing, single-dish measure-
ments, we do not have accompanying continuum data. As a
result, it is challenging to determine the electron temperature
directly from line-to-continuum ratios. Therefore, we primarily
relied on an empirical prescription based on the galactocentric
distance to estimate the electron temperature for the different
sources. Due to the gradient of metallicity with Galactocentric
distance (dG), the electron temperature in HII regions is known
to vary. This variation has been parameterized as (Zhang et al.
2023):

Te(K) = (6271 ± 481) + (135 ± 83)(dG/kpc). (8)

The Galactocentric distances of each source are provided in
Table 1. For G28.20 (DG = 4.10 kpc), the obtained electron tem-
perature (Te) is 6825 ± 589 K. Similarly, electron temperatures
are estimated at 7054 ± 681 K and 7050 ± 679 K for G45.47
(DG = 5.80 kpc) and G45.12 (DG = 5.77 kpc), respectively.

Table 5. Calculated electron densities (ne) for different transitions
across all sources.

Transition G28.20 G45.12 G45.47
(ne cm−3) (ne cm−3) (ne cm−3)

H51α 1.01e+07 1.19e+07 8.44e+06
H52α 9.38e+06 1.03e+07 1.20e+07
H53α 7.66e+06 9.39e+06 7.09e+06
H54α 6.74e+06 8.21e+06 7.22e+06
H56α 5.78e+06 6.22e+06 5.21e+06
H57α 4.82e+06 5.19e+06 4.54e+06
H58α 4.04e+06 5.12e+06 3.99e+06
H64β – 5.30e+06 4.79e+06
H65β 3.72e+06 4.32e+06 3.05e+06
H66β 3.10e+06 3.88e+06 4.49e+06
H67β 2.82e+06 3.44e+06 2.23e+06
H68β 3.20e+06 3.11e+06 3.28e+06
H69β 2.30e+06 3.31e+06 2.89e+06
H70β 2.02e+06 2.70e+06 2.38e+06
H71β 2.52e+06 2.66e+06 2.29e+06
H72β 1.58e+06 2.54e+06 3.25e+06
H73β 1.62e+06 1.89e+06 1.56e+06

The electron density may be estimated following the equa-
tion given by Keto et al. (2008):

∆νL

∆νt
=

1.2
∆n

(
ne

105 cm−3

) (
n

92

)7

, (9)
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Table 6. Thermal and dynamical broadening of HRLs.

Transition Thermal
width
(km/s)

G45.12+0.13 G45.47+0.05 G28.20–0.05 Orion KL

Measured FWHM Dyn. widtH Measured FWHM Dyn. widtH Measured FWHM Dyn. widtH Measured FWHM Dyn. width
(km/s) (km/s) (km/s) (km/s)

H51α 18.54 41.46 22.92 29.30 10.76 34.60 16.06 23.70 5.16
H52α 18.54 40.78 22.24 47.83 29.29 36.68 18.14 24.20 5.66
H53α 18.54 42.66 24.12 32.21 13.67 34.24 15.70 24.50 5.96
H54α 18.54 42.51 23.97 37.37 18.83 34.36 15.82 24.09 5.55
H55α 18.54 38.65 20.11 41.48 22.94 26.09 7.55 23.94 5.40
H56α 18.54 41.55 23.01 34.78 16.24 37.97 19.43 25.60 7.06
H57α 18.54 39.22 20.68 34.30 15.76 35.88 17.34 – –
H58α 18.54 43.68 25.14 34.07 15.53 33.93 15.39 – –
H64β 18.54 45.10 26.56 40.74 22.20 – – 17.70 0.00
H65β 18.54 40.97 22.43 28.90 10.36 34.68 16.14 22.80 4.26
H66β 18.54 40.96 22.42 47.38 28.84 32.17 13.63 24.50 5.96
H67β 18.54 40.26 21.72 26.17 7.63 32.51 13.97 24.00 5.46
H68β 18.54 40.38 21.84 42.68 24.14 40.87 22.33 24.00 5.46
H69β 18.54 47.59 29.05 41.69 23.15 32.60 14.06 23.80 5.26
H70β 18.54 43.02 24.48 37.86 19.32 31.58 13.04 25.10 6.56
H71β 18.54 46.71 28.17 40.26 21.72 43.66 25.12 24.00 5.46
H72β 18.54 49.32 30.78 – – 30.24 11.70 – –
H73β 18.54 40.33 21.79 33.40 14.86 34.06 15.52 – –

Notes. Thermal line widths are estimated using a fixed electron temperature of 7500 K, which was estimated based on their Galactocentric distance
and roughly similar values for all sources within uncertainties. For this, we assume a negligible effect from pressure broadening.

Fig. 7. Line intensities of the Hα and Hβ recombination lines based on ALMA data, measured towards the RRL peak and the hot core region of
Orion KL.

where ∆νL is the Lorentzian width and ∆νth is the thermal width,
and ∆n = 1 for Hα transitions and ∆n = 2 for Hβ transitions.
Using the above prescription, we measured the electron density
of all transitions, which is summarized in Table 5. The measured
electron densities for all sources are ∼106 cm−3.

4. Discussion

The measured line widths of the Hα and Hβ transitions towards
G28.20, G45.45, and G45.12 are ∼35−40 km s−1 (see Table 2).
However, the measured line widths of these transitions in Orion
KL are around ∼25 km/s (Liu et al. 2022). These differences
could be due to several factors. The electron temperature deter-
mines thermal broadening, which contributes to the overall line

width of the spectrum. The estimated electron temperature in
Orion KL is 7391 ± 840 K, considering a Galactocentric dis-
tance of 8.3 kpc (Milam et al. 2005). For our target sources,
we obtained similar temperatures (see Sect. 3.4). However, we
observe apparent differences in line width between Orion KL
and other sources, despite their similar electron temperatures.
Therefore, thermal broadening alone cannot explain these dif-
ferences. These variations suggest different pressure-broadening
effects caused by distinct electron density levels in the sources or
different levels of dynamical broadening. Figures 5 and 6 show a
comparison between observed and theoretically measured line
widths for Hα and Hβ transitions, respectively. These figures
compare the theoretical and observed line widths for vary-
ing electron densities and temperatures. Thermal broadening is
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Fig. 8. 7.1 mm continuum image of Orion KL. Blue and red circles
indicate the 30′′ diameter regions centred on the hot core and the RRL
peak, from which spectra were extracted to measure the line intensity,
as is shown in Fig. 7.

independent of the quantum number of RRLs and is propor-
tional to the magnitude of the temperature for the same species.
In contrast, for a low electron density (e.g. ∼5 × 105 cm−3),
pressure broadening has a minimal effect on the line width,
whereas for a high electron density (e.g. ∼1 × 107 cm−3), it has
a significant impact. The pressure broadening highly depends
on the electron density and increases with the quantum num-
bers of the transition. We find good agreement between the
observed and theoretical line widths for the Hα and Hβ lines
in G45.12, G45.47, and G28.20 with a high electron tempera-
ture of ∼ 8000–10 000 K and a moderate electron density of
∼1−5 × 106 cm−3.

On the other hand, our comparison (see Figs. 5 and 6)
clearly shows a dependence on the quantum number of pres-
sure broadening, which was not evident from the measured line
widths, as they mostly show similar values for all HRLs (see
Table 2). In this scenario, dynamical broadening would then play
the crucial role. The photoionized disc-wind outflows around
forming massive stars are important for understanding the line
profile broadening of recombination lines (Tanaka et al. 2016;
Martínez-Henares et al. 2023, 2024).

Furthermore, we compare our results with those of Orion
KL. Here, the line widths of RRLs measured show only a minor
effect from pressure broadening, since Orion KL has an electron
density at least one order of magnitude lower than the sources
reported in this study. The best-fit electron density and tem-
perature for Orion KL are 1−5 × 105 cm−3 and 8000–10 000 K,
respectively. The best fitted electron density is consistent with
the inferred electron density (∼1 × 106 cm−3) obtained with the
given prescription in Sect. 3.4 (also see Table 5). Since we
did not observe an increasing trend in the line widths of the
detected HRLs, we assume that the widths are less affected by
pressure broadening, probably indicating a low electron density
(∼105 cm−3). Hence, the measured line width is most likely due
to the thermal and dynamical broadening. Therefore, we esti-
mated the dynamical broadening for all sources by subtracting
the thermal width from the measured line width. All values are
summarized in Table 6.

Figure 4 shows the intensity variation with frequency
(recombination lines transitions in descending order of quantum
numbers) for our target sources along with the existing result
of Orion KL (Liu et al. 2022). We found an increasing trend

in line intensity with frequency for both Hα and Hβ lines in
G45.12 and G28.20, with a slope of 1. For G45.47, the trend
is relatively flat. The increasing intensity trend of the RRLs
may result from ionized wind, partially optically thick emission,
density, and temperature gradients, or beam dilution effects.
Weak non-LTE effects (e.g. stimulated emission) can enhance
the line intensity at higher frequencies, particularly in dense and
dynamic HII regions. The rising intensity likely reflects the com-
pact and dense nature of these YSOs’ HII regions, with higher
frequencies tracing regions of elevated ne or Te. Additionally,
the increasing trend may partly result from improved resolution
at higher frequencies (e.g. around 50 GHz), where the synthe-
sized beam is slightly better compared to the source size. The
beam of the Yebes 40m telescope varies significantly across the
Q band, ranging from 55′′ at the lowest frequencies to 35′′ at
the highest. If the source is compact relative to the beam size,
this variation can substantially affect the observed intensity of
the HRLs.

In contrast, the Orion KL exhibits the opposite trend com-
pared to our target sources, where the intensity of HRLs
decreases with frequency in the 30–50 GHz range. This
behaviour suggests either optical depth effects or beam dilu-
tion, as it varies with frequency. In single-dish observations of
Orion KL, the primary beam size was 30′′ at 40 GHz (Liu et al.
2022). To further investigate, we examined the trend in HRL
intensities in Orion KL using ALMA Band 1 line survey data
(see Fig. 7) and found a similar result to that obtained from
single-dish observations. For this analysis, we selected two dif-
ferent locations (see Fig. 8): one near the hot core peak and
another near the RRL peak, where HRLs are particularly strong.
We measured the line intensities from spectra extracted within a
30′′-diameter aperture. The opposite trend in the Orion KL can
be attributed to specific local conditions and physical processes
affecting the source. The local electron density and temperature
can affect the population of energy levels differently. Interest-
ingly, while lower-order transitions like H51α are expected to
be more intense than higher-order ones (e.g. H56α) under low-
density conditions due to collisional excitation, we observe the
opposite trend. The observed reversal trend suggests that non-
LTE effects, higher electron densities, or optical depth effects
may be influencing the excitation and radiative transfer of the
HRLs in this region. The decreasing intensity trend with fre-
quency may be due to a more extended, lower-density, or more
evolved HII region. The narrower line widths of RRLs towards
Orion KL compared to our target sources suggest less dynam-
ical activity. This region may be older or less massive, with a
lower-density HII region, which explains both the lower inten-
sity and narrower lines. Dust absorption could also contribute
to the reduced intensity, especially if a dense dust envelope
surrounds the source. Additionally, the decreasing trend might be
influenced by stimulated emission in higher-n RRLs (i.e. those at
lower frequencies), as these effects are more pronounced in tran-
sitions with high principal quantum numbers and lower-density
environments. Nonetheless, high-spatial-resolution observations
and modelling are necessary to understand the specific reasons
for this behaviour, and such studies can provide valuable insights
into the diverse nature of ionized regions.

5. Conclusions

We have conducted a comprehensive spectral line survey tar-
geting six high-mass protostars, employing the Q-band receiver
of the Yebes 40m telescope. This survey spanned a frequency
range of 31.5–50 GHz and marks the first Q-band line survey
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conducted towards three high-mass sources: G45.12, G28.20,
and G45.47. The key findings from this study are outlined below:

– We detected 18 recombination lines using the RT40m
Q-band observations towards three high-mass protostars.
Among these lines, eight correspond to Hα (n = 51 to 58)
transitions, and the remaining ten are Hβ (n = 64 to 73)
transitions. We determined the line parameters, including the
line width, peak line intensity, and integrated intensity;

– We obtained an electron density of approximately
1−5 × 106 cm−3 and a temperature of around 8000–
10 000 K for G45.12, G28.20, and G45.47. In contrast, the
electron density for Orion KL is about an order of magnitude
lower, at ∼1−5 × 105 cm−3, while the temperature remains
in a similar range of ∼8000–10 000 K. However, we did not
find the line trend that broadens with the quantum number,
as is shown in Figs. 5 and 6, which is prominent for the
high electron density of ≥∼105 cm−3. Therefore, pressure
broadening might have a minor effect compared to thermal
and dynamical broadening. Hence, our constrained electron
density can be considered as an upper limit;

– The observed line widths cannot be accounted for by ther-
mal broadening alone. We consider dynamical broadening
to play a significant role in explaining the width of the
HRLs, suggesting the presence of turbulence, rotation, or
outflow-broadened line widths of ionized gas. The poten-
tial contribution of dynamical broadening for all sources has
been estimated by subtracting the thermal line width from
the measured line widths;

– The intensity profiles of the Hα and Hβ transitions show an
increasing trend with frequency for G45.12 and G28.20, with
a slope of ∼ 1 obtained from a power-law fit. For G45.47 it
is almost flat. In contrast, Orion KL exhibits a decreasing
intensity trend with increasing frequency. This could be due
to several reasons, such as differences in physical structures
(e.g. electron density), optically thin or thin lines, stimulated
emission, maser effects, and beam dilutions. Further investi-
gation is required with the systematic high-spatial-resolution
data.
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