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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 (Ha and
Hp) 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 Ha (n = 51 to 58) and ten HB (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 x 10° cm™ and temperatures of 8000—
10000 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 He and HS
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 >10° cm™3, at least an order of
magnitude greater than those of UC HII regions with 210* cm™>
(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; Sewito 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 12m (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 (An) 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.
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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%x2.5 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 (Ay) is below three mag in the Ay maps obtained from
the Atras and Catalogue of Dark Clouds (Dobashi et al. 2005)".
For our analysis, we converted the observed antenna tempera-
ture (T4) to the main beam brightness temperature (7y,,) using
the main beam efficiency, B.g = 0.738 exp(-(v(GHz)/72.2)2), and
forward efficiency, Fegx = 0.97 (Tercero et al. 2021), using the
formula Ty, = Ta X (Fer/Ber). We used the CLASS software

' https://darkclouds.u-gakugei.ac.jp/more/readme.html
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Table 1. Summary of target sources.
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Source RA Dec d dG ULSR Lbol EM SV
(type) (J2000) (J2000) (kpc)  (kpe)  (km/s) (Lo)@ (pc cm™®) dy)
G28.20-0.05 ()  18M427m5812  -4°13'57/644 57 41 956 14*19.x10° 3.6x10%a) 0.630(e)
G31.28+0.06 (I)  18M48™11582  —01°26'31701 4.9 4.97 110.0 1.03 x 10° 0.234(f)
G45.47+0.05 (I 19"14™2574  +11°09'25790 84 580 615  3.524x10° 4.8x107(b) 0.200(g)
G19.08-0.29 (I1)  18"26™M4843  —12°26/28704 4.5 3.84 65.4 -
G35.20-0.74 (1) 18"58™13:03  +01°40'36/14 2.2 645 320  6.6'37x10* 33x10°(c) 0.010(h)
G45.12+0.13 (I 19"13™27296  +10°53'35/690 74 577 595  8.0*3Ix10° 15x10°(b) 5.400(g)

Notes. d: distance; dg: galactocentric distance; EM: emission measure; (a) Sewilo et al. (2008); (b) Wood & Churchwell (1989); (c) Beltrdn et al.
(2016); (d) Telkamp et al. (2025); Law et al. (2022); Minier et al. (2005), (e) Sewito et al. (2011), (f) Codella et al. (2010), (g) Hofner et al. (1999),
(h) Beltran 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, S, is the

flux density obtained from Very Large Array (VLA) 1.3 cm observations.

from the GILDAS? 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 pm 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 10°~10° Ly. In our sample, we have two sources of
each type. The source co-ordinates (RA, Dec), distance, system-
atic velocity (vrsr), 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
06 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 H30«@, H76«, H99«, and H110a, 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 H30a 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 (7,) of 10* K and an electron number density (n,.)
of 1.5 x 107 cm™3 (Zhang et al. 2019b). High-angular-resolution
(0.4”7) 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 (Sewito
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
(Sewito et al. 2008, 2011; Law et al. 2022). This source shows
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Fig. 1. The observed and Gaussian fitted spectra of Ha and HB lines towards G45.12+0.13. The black line represents observed spectra and the red
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Fig. 2. The observed and Gaussian fitted spectra of Ha and H 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

1 1
RRL _ 2
Vrest R (n2 (n + Al’l)z) > (1)
where
R
- @)

(1 + (mg/my))

Here, c is the speed of light, R, is the Rydberg constant (R, =
109737.31568 cm™"), m, is the mass of the electron, and m,, is
the mass of the corresponding neutral atom. We have six sources
in our sample (see Table 1). We have detected 8 He transitions
and 10 Hp 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.
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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, Av) and peak intensity (7Ty,,) of each observed
HRL are measured by fitting a single Gaussian to the observed
spectrum. However, the fitting result obtained for the H55«
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 (v), 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~! for G45.12,
~ 30-40 km s~! for G45.47, and ~30-35 km s~! for G28.20 (see
Table 2). If we consider a temperature of 7, = 10* K, the thermal
line width of hydrogen is 21.4 km s~!. 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 Hna (i.e. n =
51, 55, 53, 54, 55, 57, 58) to the H56a and Hng (n = 64, 65, 66,
67, 68, 69, 79, 70 72, 73) to the H718. 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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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. (Kkm/s) Peak (mK) FWHM (km/s) Int. (Kkm/s) Peak (mK) FWHM (km/s) Int. (Kkm/s)
HS5le 48153.60 841.65+2.18 41.46+0.12 3699 +0.15 38.74 +0.71 2930+0.62 1.20+0.03 13399 +1.23 34.60+1.89 491 +0.27
HS52a 45453.72  900.77 £2.15 40.78 £0.11 38.93 £0.14 49.39 £0.61 47.83+0.69 250+0.05 12691 +1.07 36.68+1.92 493 +0.26
HS53a 42951.97 782.54 +2.72 42.66+0.17 3539+0.19 3786 +0.49 3221 +048 129+0.03 136.15+0.43 3424 +0.60 4.94 +0.09
HS54a 40630.50 753.57 £6.28 4251 £+0.41 33.95+043 4343 +0.56 3737+056 1.72+0.03 12779 £0.43 3436 +0.65 4.65+0.09
HS55a 38473.36 54220 +£8.92 38.65+0.73 2221 +£0.56 30.57 +0.55 4148+0.86 134+0.04 78.17+049 26.09+0.53 2.16=+0.05
HS6a 3646626 730.18 £+2.54 41.55+0.17 32.16+0.17 43.41+0.33 3478 +£0.31 1.60+0.02 123.03 +044 3797+096 4.95=+0.13
H57a 34596.38 59439 +4.44 3922 +0.34 2471 £0.28 38.16 £0.28 3430+0.29 1.39+0.02 10453 +£0.57 35.88+1.19 3.98+0.13
HS8a 3285220 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
H64B  47914.18 20791 +£0.89 45.10+0.22 994 +0.06 1297 +1.01 40.74 £+3.68 0.56 +0.07 - - -
H658 45768.44 198.44 £0.68 4097 +£0.16 8.62+0.04 11.56+0.37 2890+ 1.07 0.36=+0.02 22.06+0.66 34.68+5.53 0.81=+0.13
H665 4374895 184.08 £0.54 4096 +0.14 799 +0.04 1249+0.24 4738+1.05 0.63+0.02 3399+0.58 3217270 1.16+0.10
H678  41846.55 171.17 +£0.58 40.26 +0.16 731 £0.04 11.45+0.24 26.17+0.65 032+0.01 19.55+0.62 32.51+530 0.67+0.11
H688  40052.88 16547 +0.45 4038 +0.13 7.08+0.03 10.24 £0.28 42.68 +1.34 046+0.02 30.75+0.49 40.87+498 133 =+0.16
H695  38360.27 16042 +0.77 4759 +0.26 8.09+0.06 10.73 +0.18 41.69+0.80 047 +0.01 21.65+0.51 32.60+4.22 0.75=+0.10
H708 36761.72 160.76 + 0.64 43.02+0.20 733 +0.04 1098 +0.19 37.86+0.75 044+0.01 2562+041 3158+231 0.86=+0.06
H718  35250.77 152.08 £0.98 46.71 £+0.35 753 +0.07 11.00 +0.20 40.26 +0.86 047 +0.01 22.01 +0.31 43.66+5.05 1.02+0.12
H725  33821.51 142.69 £ 1.69 49.32+0.67 7.46+0.13 - - - 23.50+£0.32 3024 +1.77 0.75 £0.05
H738 3246848 130.03 £0.37 4033 +0.13 556+0.02 11.67+0.19 3340+0.64 041+0.01 17.60+028 34.06+3.19 0.64 +0.06

Figure 4 shows the observed intensity variation with fre-
quency for the Ha and HpB lines. We apply a power-law fit
to the observed trend of HRL intensity with frequency. For
G45.12 and G28.20, both He and Hg 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 He line shows an almost flat dependence
(slope ~ 0), while HB 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 Ha (—4.01) and HB
(-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):

3)

RLTE = nzfn,n+An/(m2fm,m+§m)a

where f is the oscillator strength, n is the lower level of a na
line, and m is the lower level of a higher-order line (here HB) 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 Ha and Hg 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 Galvan-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 Ha and HB towards our target sources and Orion KL.

Table 3. Ratios of Hna line width to H56« and ratios of Hng line width
to H718.

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

Ratio G45.12 G4547 G28.20 Orion KL*

H51a/H56a 1.00 0.84 0.91 0.93
H52a/H560  0.98 1.38 0.97 0.95
H53a/HS56« 1.03 0.93 0.90 0.96
H54a/H56« 1.02 1.07 0.90 0.94
H55a/H56  0.93 L.19 0.69 0.94

H57a/H56a  0.94 0.99 0.94 -
H58a/H56« 1.05 0.98 0.89 -
0.74

H64B/H718 097 1.01 -
H6SE/HTIE 088 072 0.79 0.95
H668/H71S  0.88 1.18 0.74 1.02
H67BMHTIZ 086  0.65 074 1.02
H68B/HTIS  0.86 106 094 1.00
H69B/HTIE  1.02 .04 075 1.00
H708/H718 092 094  0.72 0.99
H728/H718  1.06 0.69 1.05

H73p/HT13 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, AE, 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
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Ratio LTE Observed ratio
value
G45.47 G4512 G28.20 Orion KL

B 0278 025 025 028 0.43
HB - 0.274 0.20 0.22 0.25 0.31
HB - 0.283 0.25 0.22 0.19 0.43
A 0.280 0.25 0.23 0.27 0.32
Hw 0277 0.33 0.30 0.25 0.33
A% 0.274 0.25 0.22 0.23 0.30
HEE L 0.282 0.25 0.24 0.27 _

% 0.279 0.25 0.22 0.27 -

Notes. “Data taken from Liu et al. (2022).

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

T2
ale) ™ @

my

Avg, = (8 In2

where kg is the Boltzmann constant and my is the mass of the
hydrogen atom. Here, all the gas is assumed to be thermalized
to the electron temperature, 7,. 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 Ha 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 Ho and HS transitions with varying
electron temperatures are shown in Fig. 5 (also see Fig. 6 for HB
transitions). The figure shows the thermal line widths for three
sets of electron temperatures and electron densities. For instance,
assuming 7, = 7000 K, we obtain Avy, = 18.54 km s7L.
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 Galvan-Madrid et al.

(2012)
J (1

where y; = 6-2.7 x 10T, — 0.13(n + 1)/100. For T, = 9000 K
and N; = 107 cm™3, the H30@ line is virtually free from
ion broadening (0.04 km s~!, and decreases close to linearly
with decreasing T,), whereas the H53a line is broadened by
5.1 km s~!. Under most conditions, collisions with electrons
dominate over those with ions, resulting in a broadening with
a width given by Galvdn-Madrid et al. (2012)

+ 1\*3
Avpre z(s.zNei)(” ) (1 +

vo/\ 100
For n, = 10’ cm™3, the electron broadening for the H53« and
H30a are ~37.3 km s~! and 0.6 km s~!, 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.

2.8An
n+1

n+1
100

A ~ (Nivi)(o.% +25x% 10’4Te)( ) 5)
0

2.25An)
n+1 /)

(6)

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

Av ~ 0.534Avy; + (A, + Avg, +0.217A07)!/>. 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 He and HS 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 x 10° cm™) or
high (~1 x 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
(10000 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 x 10° cm™) and electron temperatures of around 8000—
10000 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 indi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>