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Abstract

We report the first detection of radio recombination lines (RRLs) of ions heavier than helium. In a highly sensitive multi-band (12–50 GHz) line survey toward Orion KL with the TianMa 65-m Radio Telescope (TMRT), we successfully detected more than fifteen unblended α lines of RRLs of singly ionized species (XII) recombined from XIII. The Ka-band (26–35 GHz) spectrum also shows tentative signals of β lines of ions. The detected lines can be successfully crossmatched with the rest frequencies of RRLs of C II and/or O II. This finding greatly expands the scope of our understanding of ion RRLs, since prior to this work, only two blended lines (105α and 121α) of He II had been reported. Our detected lines can be fitted simultaneously under assumption of local thermodynamic equilibrium (LTE). An abundance of C III and O III of 8.8×10−4 was obtained, avoiding the complexities of optical and infrared observations and the blending of RRLs of atoms. It is consistent with but approaches the upper bound of the value (10−4–10−3) estimated from optical and infrared observations. The effects of dielectronic recombination may contribute to enhancing the level populations even at large n. We expect future observations using radio interferometers could break the degeneracy between C and O, while also helping to reveal the ionization structure and dynamical evolution of various ionized regions.
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1. Introduction
Radio recombination lines (RRLs) are commonly defined as radio spectral lines resulting from transitions of high-n levels of atoms, appearing after the recombination of singly ionized ions and electrons (Gordon & Sorochenko 2002). Thus far, most of the detected RRLs are from transitions of neutral atoms (e.g., H, He, and C). Previously, He II 121α and 105α in NGC 7027 and NGC 6302 have only been reported (Chaisson & Malkan 1976; Terzian 1980; Mezger 1980; Walmsley et al. 1981; Gomez et al. 1987; Vallee et al. 1990). However, detections of RRLs of ions with mass larger than He have never been reported. Searches for RRLs of ions heavier than helium towards the Sun have also been unsuccessful (Berger & Simon 1972; Dravskikh & Dravskikh 2022).
There is a unique advantage in employing RRLs in studies of ionized gas compared with optical and infrared observations. Optical and infrared observations reveal complexities resulting from a non-LTE population, fluctuations in temperature and density, and non-negligible extinction (e.g., Peimbert 1967; Fich & Silkey 1991; Liu et al. 2001). These complexities can be easily avoided by RRLs. For example, the line ratio between RRLs of H and He could provide a direct measurement of He abundance, merely weakly dependent on temperature and density (Gordon & Sorochenko 2002; Anderson & Bania 2009; Anderson et al. 2011). Unfortunately, the study of heavier elements in ionized regions usually cannot take advantage of the benefits of RRLs. The RRLs of atoms heavier than helium, including C and O, which are the most important constituents of CO and interstellar complex organic molecules, have rest frequencies close to those of He RRLs, and the line blending makes them difficult to be spectrally resolved (e.g., Salas et al. 2019; Zhang et al. 2021). The RRLs of ions are expected not to be blended with RRLs of neutral atoms, thus measuring them would be extremely valuable for constraining the properties of elements heavier than helium in ionized states. Unlike He II, ions heavier than helium are usually multi-electron systems. Thus, RRLs of ions heavier than helium would also be very important for studying the mechanisms of recombination and level population (e.g., Storey 1981; Nussbaumer & Storey 1983; Nemer et al. 2019).
So, we consider whether it is possible to detect the RRLs of ions heavier than helium. From the multi-band spectrum of our on-going multi-band (12–50 GHz) TianMa 65-m Radio Telescope (TMRT) line survey of Orion KL, we successfully matched firm signals of RRLs of C II and O II. In this paper, we report the first detection of radio recombination lines (RRLs) of ions heavier than helium in Orion KL, and, to our knowledge, also in the interstellar medium.
2. Observations
Data in this work are mainly drawn from an ongoing TMRT line survey toward Orion KL (Fig. 1), which aims to cover the whole frequency range (1–50 GHz) of TMRT, beginning with the Q-band survey (34.8–50 GHz; Liu et al. 2022). Observations of the Ka-band (26–35 GHz) survey have been completed (Liu et al., in prep.), while the Ku-band survey (12–18 GHz) has been partially executed thus far.
	[image: thumbnail]	Fig. 1. Contours of SCUBA 850 μm dust emission (Orion KL; Di Francesco et al. 2008) overlaid on the 6 cm VLA continuum image of the M 42 H II region. The red cross is IRc2 of Orion KL (RA(J2000) = 05:35:14.55, Dec(J2000) = −05:22:31.0). The red pentagram denotes θ1 Ori C (RA(J2000) = 5:35:16.47, Dec(J2000) = −5:23:22.9), an O6-type star that is the dominant ionization source of M 42 (O’Dell & Yusef-Zadeh 2000). The pink, green, and black circles represent the beams of TMRT in Ka, Ku, and Q bands, respectively (Sect. 2).



In the Ka-band line survey, mode 2 of the spectral backend (DIBAS) was adopted, which provides two independent frequency banks of 1.5 GHz, with the polarization of each bank having 16 384 channels, corresponding to a frequency resolution of 91.553 kHz (∼0.92 km s−1 at 30 GHz). The position-switching observation mode was adopted. The off-source position is 0.25° away (in azimuth direction) from the target. We shifted the frequency of the spectrometer banks to cover 26–35 GHz. The spectra were then chopped into segments of ∼100 MHz in frequency bandwidth. We manually fitted and subtracted the baselines to those segments before splicing them to obtain the final spectrum of Orion KL. For comparison, we also observed towards θ1 Ori C with one frequency setup in Ka band, covering the XII 98α transition (Table 1).
Table 1. 
Gaussian parameters of ion RRLs of Orion KL.

The Ku-band observations also serve as part of the TMRT line survey. The frequency ranges covering the expected α lines of ions were preferentially observed. Mode 3 of the DIBAS was adopted, which provides two independent frequency banks of 500 MHz with a frequency resolution of 30.517 kHz (∼0.61 km s−1 at 15 GHz).
For the calibration, the signal from a noise diode is periodically injected. Under typical weather conditions at the TMRT in winter with an air pressure of 1000 mbar and a water vapor density of 8 g m−3, the zenith atmospheric opacities are 0.03 and 0.1 in the Ku and Ka band, respectively (Wang et al. 2017). Calibration uncertainties are estimated to be less than 20% (Wang et al. 2017; Liu et al. 2022).
3. Identification of ion RRLs
For a hydrogenic emitter with a total mass of M and a total charge of Z − 1 (where Z is the atomic charge of the species that has just recombined), the rest frequency of an RRL can be expressed as (Gordon & Sorochenko 2002):
[image: thumbnail](1)
with the Rydberg constant R expressed as (Towle et al. 1996):
[image: thumbnail](2)
Here, c is the speed of light, R∞ = 109737.31568 cm−1 (Tiesinga et al. 2021), me is the mass of electron, and M is the mass of the corresponding neutral atom. The Rydberg constants (in cm−1) for H, He, C, He II (He+), C II (C+), and O II (O+) are 109677.58, 109722.28, 109732.30, 109722.27, 109732.30, and 109733.55, respectively. The value of n is large for RRLs and it is thus valid to treat atoms and ions as hydrogenic emitters (Berger & Simon 1972), even through they may be not hydrogenic when n is small (Del Zanna & Storey 2022). The factor of Z2 could separate these lines from those of the neutral species, avoiding the blending issues described above.
3.1. Line matching
In the process of modeling the Ka-band spectrum of Orion KL, according to the procedure from Liu et al. (2022), we found six clean and broad (ΔV > 10 km s−1) line features that cannot be assigned to any RRLs of atoms (H, He, and C) or molecular lines (Fig. 2). Instead, we successfully matched them with the frequencies of RRLs of C II calculated in Eq. (1). Since the equivalent velocity offset between the same RRL transitions of oxygen and carbon is only ∼3.5 km s−1, which is much smaller than the typical line widths of RRLs, we cannot distinguish them at this stage and the emitter of detected ion RRLs is thus denoted as X. Furthermore, we successfully detected eight α lines of XII in follow-up Ku-band observations. The spectrum of Q-band survey has lower line sensitivity (higher noise) compared to the Ka-band one. Several α lines (n = 83, 84, 88, 89) are marginally detected in Q band. The XII98α are also firmly detected towards θ1 Ori C (left panel of Fig. 3). The results of the Gaussian fitting of the unblended α lines of XII are listed in Table 1.
	[image: thumbnail]	Fig. 2. Spliced spectrum (blue line) of Orion KL around the rest frequencies of RRLs of ions (C II or O II) in Ka band (upper panel), Ku band (middle panel), and Q band (lower panel). The Ka/Q spectra have been smoothed to have a spectral resolution (Δν) of 366.212 kHz. The Ku spectrum is unsmoothed with a Δν of 30.517 kHz. Segments separated by gray vertical lines cover different frequency ranges. The transition labels and the rest frequencies of the corresponding C II transitions (in unit of MHz) are shown on the top axis. The solid red line represents the model fitting of XII RRLs (Table 2). The dashed line includes the contributions of all the RRLs as well as all transitions of molecules identified in the Q-band survey (Liu et al. 2022) and Ka-band survey.



	[image: thumbnail]	Fig. 3. Comparison between the spectra towards Orion KL (black) and towards θ1 Ori C (red) shown on the left. Comparison between the spectra towards Orion KL observed on different days shown on the right.



For the β lines of XII, those with an even number of n have a rest frequency identical with that of XI(n/2)α, and will be highly blended with He(n/2)α. The β lines of XII with an odd number of n are unblended. The data do not contradict the model (Sect. 3.2), but the lines can only be tentatively detected under the sensitivity of this survey (Fig. 2).
The ion RRLs of different transitions are usually observed on different days, expanding a period of several months. The Doppler shifts introduced by earth revolution varied by tens of km s−1, much larger than the velocity shifts of detected lines. For example, we observed the XII120α towards Orion KL on two different days with a difference of Doppler shifts of 15 km s−1, and the velocities of the detected lines (in VLSR) remain unchanged (right panel of Fig. 3). The ion RRLs should originate from interstellar space.
3.2. Model fitting
The RRLs, including RRLs of ions, could be modeled following Eqs. (4)–(8) of of Liu et al. (2022). The peak value of optical depth can be derived as (Gordon & Sorochenko 2002):
[image: thumbnail](3)
Here, EM is the emission measure (∫ninedl) in unit of cm−5, ni is the density of XZ+, ne is the density of free electrons, n1 (n2) is the quantum number of the lower (upper) level, bn2 is the upper-level departure coefficient, Δν is the line width in unit of Hz, and Te is the excitation temperature. The oscillator strength, fn1, n2, is independent of Z (Kardashev 1959; Goldwire 1968).
For RRLs from H II regions (RRLs of H, He and XII), the electron temperature (Te) is adopted as 8000 K (Wilson et al. 1997; Lerate et al. 2006). For RRLs of XII, the rest frequencies of C II RRLs are adopted (Eq. (1)). We assume that the high-n levels are in LTE (bn = 1). This assumption is valid for H RRLs of Orion KL (Zhu et al. 2022; Liu et al. 2022). Since the n values tend to be larger for XII RRLs, this assumption should also be valid for XII. For comparison, we also fit the carbon RRL from PDR assuming a Te of 300 K (Pabst et al. 2022). The Ku/Ka/Q-band line features can be well fitted simultaneously, suggesting that the RRLs of both atoms and ions are indeed in LTE. The fitted results are shown in Table 2 and Fig. 2.
Table 2. 
Model parameters of RRLs.

The fitted velocity of XII RRL is −5.5 km s−1, assuming X to be carbon. If X is assumed to be oxygen, the fitted velocity will be −2 km s−1. These two values are both close to the velocity of −4 km s−1 derived from RRLs of H and He (Table 2), and the velocity differences are much smaller than the line widths (∼15 km s−1). Since the Ku-band lines tend to be systematically ∼2 km s−1 redder than those in Ka band, the uncertainty of fitted VLSR is estimated to be 2 km s−1. This may be caused by the larger beam at Ku band which thus covers more C III than O III (Sect. 3.3).
We also fitted the parameters of RRLs of θ1 Ori C (Table 2). The intensities of RRLs at Orion KL and θ1 Ori C are similar. The velocities of RRLs of H and He at θ1 Ori C are ∼4 km s−1 redder than at Orion KL. The XII RRLs at θ1 Ori C are ∼2 km s−1 redder and broader than at Orion KL.
3.3. Ion abundance and distribution
The extinction by absorption of dust and self-absorption can usually be neglected for RRLs. Thus, the abundance ratio of two ions can be simply derived from the intensity ratio of their RRLs. The fitted n(X2+)/n(H+), derived through EM(XII)/EM(H), is 8.8×10−4 at both Orion KL and θ1 Ori C. It is close to the solar abundances of C and O (8×10−4; Amarsi et al. 2021) and approaches the upper bound of the value of Orion Nebula estimated from optical/infrared observations (10−4–10−3; Simpson et al. 1986; Peimbert et al. 1993; Esteban et al. 1998). This may hint that the effects of dielectronic recombination could enhance the level populations of multi-electron ions at n values that can even be as high as ∼100 (Storey 1981; Nemer et al. 2019).
Helium can be excluded as the emitter of the detected RRLs, since it would give too large a value of VLSR of −33 km s−1. In addition, the high ionization energy of He II, 54.418 eV, would lead to a very small ratio of R(He III)/R(He II) of ∼0.02 for an O6 type star (Simón-Díaz & Stasińska 2008), and the He III region would be highly beam diluted in our observations (Fig. 1). The XIII abundance is much higher than the total abundance of nitrogen. Thus, the contribution of N II RRLs can also be ignored.
The ionization energy of C II, 24.383 eV, is close to the value of He I, 24.587 eV. Thus, the distribution of C III is expected to be as extended as He II, as revealed by optical observations (Walter 1991; Esteban et al. 1998). However, the contribution of oxygen can not be excluded. The fitted velocities of Ka-band lines at Orion KL and Ku-band lines at θ1 Ori C are closer to the values of H/He RRLs if they are assigned to oxygen ions. It is also consistent with the value derived from the O III optical lines (VLSR ∼ 0 ± 3 km s−1; Abel et al. 2019). In contrast, the fitted velocities of Ku-band lines at Orion KL are closer to the values of H/He RRLs if carbon is adopted. This is consistent with the scenario that the inner part of the XIII region of M 42 is dominated by O III, while C III dominates the outer part, since the ionization energy of On+ is larger than of Cn+.
4. Discussion
As mentioned in Sect. 1, only two lines of He II have been reported previously. The rest frequency of He II 121α (14672.069 MHz) is coincident with that of He160κ (14672.078 MHz), and close to that of H195τ (14672.993 MHz). The He II105α (22411.329 MHz) is blended with He129θ (22411.276 MHz). In ionized regions with very hard ionizing spectrum, those He II lines could overwhelm the blending high-order He lines. However, the intensity of those He II lines may be weaker than the He lines for ionized regions such as the Orion Nebula (Fig. 2). Further observations and modeling are probably needed to examine the blending issue of the He II RRLs lines. This study detected tens of lines of RRLs of carbon and oxygen, many of them are unblended, which will be very helpful for further studies of ion RRLs in both observation and theory.
Future high spectral and spatial resolution mapping observations of RRLs of ions in different ionization states with the state-of-the-art interferometers such as ALMA (band 1), SKA or ngVLA can reveal the ionization structure and break the degeneracy between C and O. This would measure the distributions and abundances of these ions, and consequently elements heavier than helium directly and separately. Such a technique would be very valuable to study the abundances of carbon and oxygen in the inner Galaxy, where optical observations are very difficult. Studies with optical lines are limited to Rgal > 5 kpc for oxygen and Rgal > 6 kpc for carbon (Méndez-Delgado et al. 2022). The abundance of C and O affects the conversion of CO luminosity into molecular gas mass (Gong et al. 2020; Hu et al. 2022). Higher abundances in the inner Galaxy, along with higher temperatures, will lower the molecular gas masses and, consequently, the predicted star formation rates in the inner Galaxy, alleviating the long-standing discrepancy between predicted and observed star formation rates in the inner Galaxy (Evans et al. 2022). In addition, RRLs of ions tend to have smaller thermal line widths and the RRLs of ions may serve as a good tracer of gas motions inside H II regions. This will be helpful in constraining the structures and dynamical evolution models for highly embedded H II regions. Observations of these RRLs of ions in deeply embedded ultra-compact H II regions, where the electron density is much higher than in the Orion Nebula, could help to constrain the theory of collisional broadening of Rydberg transitions in ions (e.g., Olofsson et al. 2021).
5. Summary
We successfully detected and identified the RRLs of ions heavier than helium in the insterstellar meidum for the first time, during the conduction of the on-going TMRT multi-band (12–50 GHz) line survey towards Orion KL. More than fifteen unblended α lines of RRLs of C II and/or O II are detected. The sensitive Ka-band spectrum even shows tentative signals of β lines. All the detected lines can be aptly fitted simultaneously under the assumption of LTE, yielding an abundance of C III and/or O III of 8.8×10−4. The RRL of ions are extremely useful, serving as a direct and model-independent measurement of the abundances of elements heavier than helium.
The ion RRLs at Orion KL and θ1 Ori C have similar intensities but slightly shifted velocities of ∼2 km s−1. We prefer to adopt the interpretation that the detected lines towards Orion KL are blended RRLs of C II and O II, while those directed towards θ1 Ori C may be dominated by O II RRLs. We expect that future ion RRL observations using interferometers with improved resolution and sensitivities can reveal the ionization structures of ionized regions in broader scale environments in detail.
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	[image: thumbnail]	Fig. 1. Contours of SCUBA 850 μm dust emission (Orion KL; Di Francesco et al. 2008) overlaid on the 6 cm VLA continuum image of the M 42 H II region. The red cross is IRc2 of Orion KL (RA(J2000) = 05:35:14.55, Dec(J2000) = −05:22:31.0). The red pentagram denotes θ1 Ori C (RA(J2000) = 5:35:16.47, Dec(J2000) = −5:23:22.9), an O6-type star that is the dominant ionization source of M 42 (O’Dell & Yusef-Zadeh 2000). The pink, green, and black circles represent the beams of TMRT in Ka, Ku, and Q bands, respectively (Sect. 2).
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	[image: thumbnail]	Fig. 2. Spliced spectrum (blue line) of Orion KL around the rest frequencies of RRLs of ions (C II or O II) in Ka band (upper panel), Ku band (middle panel), and Q band (lower panel). The Ka/Q spectra have been smoothed to have a spectral resolution (Δν) of 366.212 kHz. The Ku spectrum is unsmoothed with a Δν of 30.517 kHz. Segments separated by gray vertical lines cover different frequency ranges. The transition labels and the rest frequencies of the corresponding C II transitions (in unit of MHz) are shown on the top axis. The solid red line represents the model fitting of XII RRLs (Table 2). The dashed line includes the contributions of all the RRLs as well as all transitions of molecules identified in the Q-band survey (Liu et al. 2022) and Ka-band survey.
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      Fig. 1. 

      
        [image: thumbnail]
      

      
        Contours of SCUBA 850 μm dust emission (Orion KL; Di Francesco et al. 2008) overlaid on the 6 cm VLA continuum image of the M 42 H II region. The red cross is IRc2 of Orion KL (RA(J2000) = 05:35:14.55, Dec(J2000) = −05:22:31.0). The red pentagram denotes θ1 Ori C (RA(J2000) = 5:35:16.47, Dec(J2000) = −5:23:22.9), an O6-type star that is the dominant ionization source of M 42 (O’Dell & Yusef-Zadeh 2000). The pink, green, and black circles represent the beams of TMRT in Ka, Ku, and Q bands, respectively (Sect. 2).

      

    

  
    
      Table 1. 

      Gaussian parameters of ion RRLs of Orion KL.

      
        


	Transition (1)
	f0(2)
	VLSR(3)
	ΔV
	Tpeak(4)



	
	(MHz)
	(km s−1)
	(km s−1)
	(mK)





	91α
	34356.4150
	−10(1)
	11(3)
	7(2)



	92α
	33254.1129
	−10(2)
	19(3)
	6(2)



	95α(5)
	30217.5243
	−6.5(1)
	13(1)
	11(2)



	97α
	28395.8047
	−9(1)
	15(1)
	12(2)



	98α
	27539.6791
	−7.5(1)
	15(1)
	11(2)



	98α(6)
	27539.6791
	−3.5(1)
	17(1)
	13(2)



	99α
	26717.6266
	−8(1)
	15(1)
	11(2)



	117α
	16223.6031
	−7(0.5)
	12(1)
	20(2)



	118α(7)
	15816.3257
	−6(0.5)
	13(1)
	18(2)



	119α
	15422.5674
	−6(0.5)
	15(1)
	21(3)



	120α
	15041.7719
	−6(1)
	14(1)
	16(3)



	121α(8)
	14673.4103
	−6(1)
	13(2)
	18(3)



	122α
	14316.9791
	−5(0.5)
	18(1)
	25(3)



	123α
	13971.9991
	−5(0.5)
	15(1)
	25(4)



	124α
	13638.0143
	−5(0.5)
	13(1)
	24(4)





      

      
Notes.

(1) Only RRLs of XII in Ka/Ku band which are unblended or slightly blended are listed.


(2) The rest frequencies of RRLs of C II (Eq. (1)) are listed.


(3) The velocities will be 3.5 km s−1 redder than the values listed here if the rest frequencies of RRL of O II are adopted (Sect. 3). The numbers in brackets in the third to fifth columns represent the uncertainties.


(4) The uncertainty of Tpeak is the 1-σ noise at a velocity resolution of ∼1 km s−1.


(5) Weakly blended with emission of SO2.


(6) This row is for the observation towards θ1 Ori C.


(7) A transition of CH3OCH3 has close frequency but can be reasonably ignored (Fig. 2).


(8) Partly blended with He160κ and H195τ.




    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Spliced spectrum (blue line) of Orion KL around the rest frequencies of RRLs of ions (C II or O II) in Ka band (upper panel), Ku band (middle panel), and Q band (lower panel). The Ka/Q spectra have been smoothed to have a spectral resolution (Δν) of 366.212 kHz. The Ku spectrum is unsmoothed with a Δν of 30.517 kHz. Segments separated by gray vertical lines cover different frequency ranges. The transition labels and the rest frequencies of the corresponding C II transitions (in unit of MHz) are shown on the top axis. The solid red line represents the model fitting of XII RRLs (Table 2). The dashed line includes the contributions of all the RRLs as well as all transitions of molecules identified in the Q-band survey (Liu et al. 2022) and Ka-band survey.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Comparison between the spectra towards Orion KL (black) and towards θ1 Ori C (red) shown on the left. Comparison between the spectra towards Orion KL observed on different days shown on the right.

      

    

  
    
      Table 2. 

      Model parameters of RRLs.

      
        


	
	Region
	EM
	VLSR(1)
	ΔV



	
	
	(cm−6 pc)
	(km s−1)
	(km s−1)





	H
	M 42 (Orion KL)
	1.46×106
	−4
	25



	He
	M 42 (Orion KL)
	1.46×105
	−4
	17.5



	C II(O II)
	M42 (Orion KL)
	1.29×103
	−5.5(−2)
	15



	C (2)
	PDR
	1.80×102
	8
	5



	H
	M 42 (θ1 Ori C)
	1.7×106
	0
	24



	He
	M 42 (θ1 Ori C)
	1.7×105
	0
	16.5



	C II(O II)
	M 42 (θ1 Ori C)
	1.48×103
	−3.5(0)
	17





      

      
Notes.

(1) The values in the brackets are for O II.


(2) A Te of 300 K is adopted for carbon RRLs from PDRs.
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