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Abstract

Context. Water masers are common in star-forming regions (SFRs), with the 22.235 GHz transition widely detected in both high- and low-mass protostars. In contrast, (sub)millimeter water maser transitions remain poorly studied, especially in low-mass SFRs, due to atmospheric limitations and a lack of systematic surveys.

Aims. We searched for millimeter water masers in a sample of low-mass SFRs previously known to exhibit 22 GHz emission. Specifically, we targeted the 31, 3 − 22, 0, 102, 9 − 93, 6, and 51, 5 − 42, 2 transitions at 183.3, 321.2, and 325.2 GHz, respectively. We also examined their potential as probes of evolutionary stage by comparing them with previously reported Class I methanol masers (MMs).

Methods. We used the SEPIA 180 and 345 receivers on the APEX 12 m telescope to carry out the observations. To assess the evolutionary stage of each source, we modeled their spectral energy distributions using archival data and used the derived dust temperatures as proxies of ages. We then compared the occurrence of water and MMs across the sample.

Results. We detected 183.3 GHz water masers in 5 out of 18 sources. Among these, Serpens FIRS 1 also exhibits the 321.2 GHz transition line, and IRAS 16293–2422 shows all three targeted transitions (at 183.3, 321.2, and 325.2 GHz). The 325.2 GHz transition was detected only in IRAS 16293–2422. Despite excellent observing conditions, detection rates drop with increasing frequency, reflecting both intrinsic line weakness and variability. Notably, the brightest (sub)millimeter masers can reach flux densities comparable to those of the 22 GHz line. Comparisons of velocity profiles show that different transitions often trace distinct gas components. Water masers generally appear at earlier or comparable evolutionary stages than MMs, suggesting no universal maser-based age sequence.

Conclusions. Our results demonstrate the detectability of submillimeter water in low-mass SFRs, although their occurrence is rare. Velocity overlap between some centimeter and millimeter components suggests partial spatial coincidence, but many features appear uniquely in one frequency regime, indicating that different transitions often trace distinct gas regions with varying physical conditions.
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1. Introduction
Water masers are widely observed in star-forming regions (SFRs), where they trace shocked gas associated with collimated jets, disk winds, and outflows driven during the earliest stages of protostellar evolution (e.g., Goddi et al. 2005; Greenhill et al. 2013; Moscadelli et al. 2019). In particular, the J = 61, 6 − 52, 3 rotational transition of ortho-H2O at 22.235 GHz has been detected in hundreds of sources, both in high- and low-mass SFRs (Furuya et al. 2003; Moscadelli et al. 2006, 2016). Owing to their exceptional brightness and compactness, 22 GHz water masers are ideal targets for very long baseline interferometry observations, which have been critical for probing the dense gas and dynamical processes around young stellar objects (YSOs) (e.g., Goddi et al. 2006; Moscadelli et al. 2020).
Other masing transitions of H2O occur in the (sub)millimeter and far-infrared (FIR) bands (Neufeld & Melnick 1991), but are less studied largely due to the observational challenges posed by atmospheric absorption, especially near 183 and 325 GHz (see, e.g., Peck & Impellizzeri 2018). In high-mass SFRs, water maser emission has been detected at 183, 232, 321, 325, 439, 471, and 658 GHz (Humphreys 2007; Hirota et al. 2012, 2016), while para-H2O transitions at 183 and 325 GHz have also been observed in low-mass SFRs (Menten et al. 1990; Humphreys 2007). To date, (sub)millimeter water masers have been identified in only a handful of sources, and the physical conditions required for their excitation remain poorly constrained. The 22 and 321 GHz ortho-H2O masers are believed to originate in regions with distinct physical properties (Neufeld & Melnick 1990, 1991). In particular, the 321 GHz transition is thought to arise in warmer environments than the 22 GHz masers (Patel et al. 2007). Conversely, the 325 GHz emission appears to trace material across a broad range of densities, including low- and high-density regions (Cernicharo et al. 1999; Niederhofer et al. 2012). In Orion BN/KL, the 183 GHz and 325 GHz maser emissions are more extended than the 22 GHz emission, with 183 GHz showing the widest distribution (Cernicharo et al. 1999). This is consistent with their excitation requirements: the 183 GHz line (upper energy level at 205 K) can arise in cooler, less dense gas than the 22 GHz line (644 K), and the 325 GHz transition (470 K) lies in between.
Most previous searches for (sub)millimeter water masers have focused on high-mass SFRs, including well-known regions such as Orion, W49N, Cep A, W3(OH), W51, and Sgr B2 (e.g., Humphreys 2007; Wang et al. 2023). In contrast, only a limited number of studies have targeted low-mass SFRs, with observations toward sources such as Orion, HH,7–11, L1448IRS3, L1448–mm, IRAS 16293–2422, and Serpens-SMM1 (Menten et al. 1990; Cernicharo et al. 1990, 1996; van Kempen et al. 2009; Kang et al. 2013). These studies have shown that the flux densities of the 183 GHz and 325 GHz maser transitions are comparable to those observed in the 22 GHz line.
In this paper, we present a systematic search for submillimeter water masers in low-mass SFRs. We compiled a comprehensive list of objects known to host 22 GHz water maser emission and selected 18 sources with declinations δ < 20° (Furuya et al. 2003; Kang et al. 2013; de Gregorio-Monsalvo et al. 2006; Wilking et al. 1994; Healy et al. 2004). Among them are four newly discovered 22 GHz maser sources associated with Class 0 and Class I protostars in the Serpens South cluster (Ortiz-León et al. 2021), a region of active low-mass star formation (Gutermuth et al. 2008). This work builds on our previous study of the same sample, which focused on methanol maser (MM) emission (Humire et al. 2024). Here, we aim to investigate whether submillimeter water masers are also present in these sources, thereby providing new constraints on the physical conditions and excitation mechanisms in low-mass protostellar environments.
The structure of this paper is as follows. In Section 2, we describe the observational setup and strategy used to search for water maser emission in our sample. Section 3 presents the detections and compares the velocity profiles of the newly observed maser lines with those of the 22.2 GHz transition. In Section 4, we discuss the diagnostic value of multifrequency water masers and explore their potential role in an evolutionary framework, by comparing our results with previously reported MMs in the same sources (Humire et al. 2024). Finally, we summarize our main findings in Section 5.
2. Observations
2.1. The sample
We conducted a survey targeting 18 low-mass SFRs, as listed in Table A.1. All selected sources exhibit previously detected maser emission in the 61, 6 − 52, 3 transition of H2O at 22.235 GHz. Our primary objective is to search for (sub)millimeter water maser emission in three higher-frequency transitions: 31, 3 − 22, 0 at 183.308 GHz, 102, 9 − 93, 6 at 321.226 GHz, and 51, 5 − 42, 2 at 325.153 GHz. The targets were selected from the original sample of 20 sources presented in Humire et al. (2024). Two sources from that list were excluded from the present study: VLA 1623 was not observed due to telescope scheduling constraints, and CARMA 6 could not be spatially resolved from CARMA 7 at 183 GHz due to limited angular resolution (although they are distinguishable at 325 GHz). As a result, our final sample consists of 18 targets. For a detailed description of the individual sources, we refer the reader to Humire et al. (2024) and Appendix A.
2.2. Observations and data reduction
Observations were conducted with the APEX 12 m telescope at Llano de Chajnantor, Chile (Güsten et al. 2006), during three runs in April–June 2022 (projects M-0109.F-9512B/C-2022, P.I. A. Hernández-Gómez). We used the SEPIA 180 and SEPIA 345 receivers (Belitsky et al. 2018; Meledin et al. 2022). The FFTS4G backend provided 8 GHz total bandwidth, and observations were performed in wobbler-switching mode with a 120″ throw. The observed bands covered 181.140–185.140 GHz (upper side band) and 193.480–197.480 GHz (lower side band) with SEPIA 180 and 323.153–327.153 GHz (upper side band) and 335.153–339.153 GHz (lower side band) with SEPIA 345. The spectral resolution was resampled to a common 0.1 km s−1 channel width.
We measure a 3σ sensitivity of approximately 0.1 K or 3 Jy, calculated as the average of the median sensitivities from featureless spectral regions in the four bands mentioned above. The half-power beam width is 34″ at 181 GHz and 19.2″ at 325 GHz. Given the telescope’s location, we benefit from excellent observing conditions. Specifically for the five sources highlighted in this work (see Appendix A), the median precipitable water vapor level is of 0.546 mm.
The delivered antenna temperature TA* was converted to main beam brightness temperature TMB using TMB = TA*(ηfw/ηMB), where the forward efficiency is ηfw = 0.95 and the main-beam efficiency is computed as ηMB = 1.2182 × ηa, with ηa = 0.71 for SEPIA 180 and ηa = 0.67 for SEPIA 3451 (measured from observations toward Mars). This results in ηMB = 0.865 for SEPIA 180 and ηMB = 0.816 for SEPIA 345. The absolute flux-scale calibration uncertainty is estimated to be ∼10% (Dumke & Mac-Auliffe 2010). Data reduction was performed using the IRAM GILDAS/CLASS package. Further observational details such as system temperatures, observing times, pointing and focus calibrators, and smoothing techniques are provided in Humire et al. (2024).
Table 1. 
Proposed evolutionary scenario.

3. Results
3.1. Water maser detections
To search for the targeted water maser transitions in our sample, we employed the Centre d’Analyse Scientifique de Spectres Instrumentaux et Synthétiques (CASSIS; Vastel et al. 2015) as a front-end to the Cologne Database for Molecular Spectroscopy (CDMS; Müller et al. 2005) and the Jet Propulsion Laboratory (JPL; Pickett et al. 1998) catalogs.
	[image: thumbnail]	Fig. 1. Water maser transitions detected in our sample (Table A.1). Source names and maser transitions are indicated to the right of each panel. Velocities are given in the observed frame. The observed spectra are displayed in black, and single or multiple Gaussian fits are overplotted as colored, semitransparent solid lines. The total fitted emission is shown as a dashed red line. Vertical dashed red lines indicate the systemic velocities of the sources, as listed in Table A.1. For a few panels, the ordinate axis is limited between 20 and 150 Jy to better highlight weaker features. Shaded blue regions indicate the full velocity range of the maser emission, defined as the interval where the fitted model exceeds 3σ above the baseline noise. Horizontal dashed black lines mark the 1 and 3σ noise levels, estimated over the shown velocity range excluding the shaded regions. The bottom-right panel combines all IRAS 16293–2422 submillimeter transitions with a flux limit of 70 Jy to highlight weak spectral features.



Five sources in the sample exhibit emission from the 31,  3 − 22,  0 transition at 183 GHz, as summarized in Table 1. The 321 GHz transition is detected in only two sources: IRAS 16293–2422 and Serpens FIRS 1. The 325 GHz maser line is detected solely in IRAS 16293–2422, where it exhibits a peak flux density of 497.4 Jy. The corresponding spectral profiles are displayed in Figure 1. With the exception of the 51, 5 − 42, 2 emission in IRAS 16293–2422 (Menten et al. 1990) and the 31, 3 − 22, 0 line in Serpens FIRS 1 (van Kempen et al. 2009), all other detections presented here are reported for the first time.
3.2. Millimeter transitions at 183, 321, and 325 GHz
The measured velocities and flux densities of individual maser components, obtained via multi-Gaussian fitting to the spectral line profiles, are presented in Table A.2. Among the three observed millimeter transitions, the 183 GHz line is the most frequently detected, appearing in all five sources with two to four distinct velocity components each. Peak flux densities span a wide range, from a few janskys up to over 200 Jy. The most prominent detections are toward IRAS 16293–2422 and Serpens FIRS 1. Remarkably, IRAS 16293–2422 is the only source among the 18 observed that exhibits emission from both the 102,  9 − 93,  6 and 51,  5 − 42,  2 H2O maser transitions at 321 and 325 GHz, respectively. The 325 GHz transition shows the highest peak intensity, reaching approximately 497 Jy. Serpens FIRS 1 also shows a detection of the 102,  9 − 93,  6 maser line, which has an upper-state energy of Eup = 1861 K, possibly indicative of stronger shocks or elevated excitation conditions in these two sources relative to the rest of the sample.
In terms of velocity structure, the 183 and 325 GHz components are generally found within ∼5–10 km s−1 of the systemic velocities of their respective sources, though broader deviations are also observed. For example, a 183 GHz component in YLW16A is found at −16.0 km s−1, substantially blueshifted relative to the systemic velocity of 3.6 km s−1. The 321 GHz transition in Serpens FIRS 1 displays primarily redshifted components, reaching up to ∼16 km s−1, while its 183 GHz component is blueshifted relative to the systemic value of 8.0 km s−1.
Overall, the velocity spreads of these maser lines typically range from 10 to 20 km s−1, with a limited number of discrete components per source.
3.3. Comparison of millimeter and centimeter emission
The properties of the 22 GHz maser emission, shown in the final two columns of Table A.2, excluding the reference column, are compiled from previous studies conducted at different epochs and resolutions. Specifically, we adopted data from CARMA 7 (Ortiz-León et al. 2021), Serpens FIRS 1 (Furuya et al. 2003; Bae et al. 2011), L1641N MM1/3 (Bae et al. 2011; Kang et al. 2013), YLW16A (Furuya et al. 2003; Sunada et al. 2007), and IRAS 16293–2422 (Furuya et al. 2003; Sunada et al. 2007). When multiple nearby velocity components are reported, we binned them in 0.5 km s−1 intervals and computed the average velocity. For sources observed across multiple epochs or studies, we adopted the average peak flux density.
A few comparative trends can be noted between the millimeter and centimeter water maser emission. The 22 GHz masers consistently exhibit a larger number of velocity components than any of the millimeter transitions. For instance, IRAS 16293–2422 shows at least nine distinct components at 22 GHz, in contrast to two to four components typically observed at 183, 321, or 325 GHz. Flux densities at 22 GHz are comparable to or exceed those of the brightest millimeter masers. While the 325 GHz line in IRAS 16293–2422 reaches nearly 500 Jy, the 22 GHz maser line shows similarly high peak fluxes across several sources, including 366 Jy in YLW16A.
In terms of velocity coverage, the 22 GHz masers generally span a broader range than their millimeter counterparts. For example, in YLW16A, 22 GHz components extend from −15.2 to +16.3 km s−1, whereas millimeter transitions in the same source exhibit a narrower spread centered closer to the systemic velocity. There are several instances where velocity components from the millimeter and centimeter lines coincide within a few km s−1. However, many features appear in only one frequency regime, suggesting that these transitions trace physically distinct masing regions.
A final caveat warrants emphasis: this comparison is constrained by the non-simultaneity of the observations, as maser emission is known to exhibit significant time variability. Moreover, the identification of velocity-coincident components does not imply spatial coincidence; confirming physical associations among different maser transitions requires spatially resolved, multifrequency observations conducted contemporaneously.
4. Discussion
4.1. Centimeter and millimeter H2O maser lines as probes of star formation
The 22 GHz H2O maser is a well-established tracer of shocked gas at the interface between protostellar jets and the surrounding medium, widely used to probe outflows on scales of tens to hundreds of astronomical units (AU) (Goddi et al. 2017; Moscadelli et al. 2019).
This work presents a first attempt to detect (sub)millimeter water masers at 183, 321, and 325 GHz in low-mass YSOs. These transitions, known in high-mass SFRs, are predicted to be strongly inverted under conditions similar to the 22 GHz line (nH2 ∼ 107–1010 cm−3, Tkin ∼ 400–3000 K; Gray et al. 2016).
So far, millimeter/submillimeter water masers have been imaged in just two high-mass regions (Orion-KL and Cep A) and one low-mass source (Serpens SMM1). In Orion, the 22, 321, and 325 GHz masers trace the same bipolar outflow, suggesting similar excitation conditions (Niederhofer et al. 2012; Greenhill et al. 2013). In Cep A, however, 321 GHz masers appear to trace hotter inner regions not seen at 22 GHz (Patel et al. 2007).
Our comparison (Section 3.3) finds several millimeter and centimeter maser components overlapping in velocity, but many occur independently. This suggests that the transitions often probe different gas regions with varying physical conditions such as temperature, density, or shock velocity. If co-spatial, multi-line observations allow detailed modeling of gas conditions. If not, they offer a layered view of the circumstellar structure. High-resolution interferometry is essential to distinguish between these cases. In both scenarios, combining centimeter and millimeter H2O maser lines offers powerful diagnostics of shocked gas in star formation–either by constraining physical conditions where lines overlap, or by mapping distinct regions in protostellar environments.
4.2. An evolutionary scenario?
Several studies have proposed that masers trace the early evolutionary stages of YSOs, with different molecular species and transitions appearing at different times (e.g., Ellingsen et al. 2007; Reid 2007; Urquhart 2024). In this context, masers could potentially serve as diagnostics for the protostellar phase.
Methanol masers are traditionally divided into two classes: Class I, collisionally pumped and typically found in outflows about 1 pc from ultra-compact H II regions, and Class II, radiatively pumped and tightly associated with high-mass YSOs (Menten 1991; Billington et al. 2020). Notably, both classes can appear before the onset of detectable continuum emission (Ellingsen et al. 1996; Zeng et al. 2020), implying that they trace early phases of star formation. Class II MMs are also observed along with H2O masers (Codella et al. 2004; Goddi et al. 2011), which are commonly associated with shocks in protostellar jets and outflows. However, establishing a strict evolutionary sequence based on maser species remains observationally challenging (e.g., Voronkov et al. 2014). In high-mass YSOs, OH masers are thought to trace more evolved stages, while Class I MMs (e.g., at 84 and 95 GHz) appear earlier (Yang et al. 2023). Unfortunately, OH masers are absent in low-mass YSOs, limiting their diagnostic power in our context.
	[image: thumbnail]	Fig. 2. Sources are ordered along the x-axis from youngest to oldest, based on the diffuse dust temperature TDD (see Table 1), which is shown in red and corresponds to the rightmost y-axis. The left y-axis shows the molecular cloud temperature (TMC, in blue), derived from gray-body fits to the SED using the same methodology as for TDD (see Appendix B). Water and MM detections are indicated above each source, with water maser transitions labeled by their frequency in GHz. All temperatures are in kelvin.



In a recent study, Humire et al. (2024) detected MMs in the J−1 → (J − 1)0-E series for the first time in low-mass YSOs, at J = 7 and 10 (181 and 325 GHz). We refer to these as MMcIs7 and MMcIs10, respectively. If the maser-based evolutionary framework developed proposed for massive YSOs (e.g., Ellingsen et al. 2007) also applies to low-mass objects, then sources exhibiting both 22 GHz water and MMcIs masers should be younger than those with only water masers. To test this scenario, we compared the presence of H2O and CH3OH masers across our sample using an independent age indicator: the diffuse dust temperature (TDD), derived from spectral energy distribution (SED) modeling (see Appendix B and Fig. B.1). We chose TDD over traditional chemical clocks (e.g., S-bearing molecules such as SO or OCS; see Wakelam et al. 2004; Herpin et al. 2009) due to known limitations, which are further expanded upon in Appendix C.
Figure 2 shows the distribution of maser detections as a function of TDD. This plot suggests that water masers tend to appear earlier than MMs in our sample of low-mass YSOs. While this trend appears to contrast with the evolutionary scenario proposed by Ellingsen et al. (2007) for high-mass YSOs, several caveats must be considered. (i) Our analysis is based solely on water and MMs, whereas Ellingsen et al. (2007) also includes OH masers, which are not typically detected in low-mass YSOs. This limits the basis for a direct comparison. (ii) The evolutionary paths of low-mass and high-mass YSOs can differ significantly, implying that maser-based diagnostics might follow different trends. (iii) Our sample is relatively small and lacks the statistical robustness needed for firm conclusions.
With these limitations in mind, we nonetheless explored the possibility that, in low-mass protostars, water masers may indeed emerge earlier than MMs in the course of their evolution. Water masers are more robust under high-velocity shock conditions (v > 10 Km s−1), where methanol molecules are more easily destroyed. H2O, in contrast, can reform efficiently in post-shock gas (Suutarinen et al. 2014), and has higher optical depth in C-type shocks at v > 15 Km s−1 (Nesterenok 2022). These factors may make water masers more likely to appear first, especially during the earliest, most dynamically active phases of low-mass star formation. Additionally, our data enable comparisons across multiple water maser transitions, from the canonical 22 GHz (centimeter) to higher-frequency (millimeter) lines at 183, 321, and 325 GHz. While the 22 GHz line typically traces compact and bright shocked regions, the millimeter transitions can trace more extended structures (e.g., 183 GHz) or warmer gas (e.g., 321 GHz with Eup∼ 1800 K). However, we find no clear trend linking specific H2O transitions to distinct evolutionary phases–possibly due to the overlap of excitation conditions and variability timescales.
In summary, our results suggest that the presence or absence of individual maser transitions cannot serve as a reliable age diagnostic in low-mass YSOs. Water masers, particularly at 22 GHz, appear to be more ubiquitous and may precede MMs in these environments. This challenges simple maser-based evolutionary schemes and highlights the need for multi-tracer, multi-epoch observations to robustly assess YSO evolution.
5. Conclusions
We conducted a survey of H2O masers in 18 low-mass SFRs, all previously known to exhibit emission in the 22 GHz (61, 6 − 52, 3) transition. Our goal was to explore the presence of additional water maser transitions at 183, 321, and 325 GHz, to study their excitation conditions, and to assess their diagnostic potential in relation to evolutionary stages of YSOs.
Our main findings are as follows:

	
We detected the 183 GHz (31, 3 − 22, 0) water maser emission in five sources: IRAS 16293–2422, CARMA 7, Serpens FIRS 1, YLW16A, and L1641N-MM1/3. Among these, IRAS 16293–2422 is the only source that also shows maser emission in both the 321 GHz (102, 9 − 93, 6) and 325 GHz (51, 5 − 42, 2) transitions.



	
By combining these maser data with SED modeling, we used dust temperature as a proxy for evolutionary stage. We find that water masers often appear before or concurrently with Class I MMs, suggesting that masing phenomena using only these two molecules can not be used as a reliable age indicator for low-mass YSOs.



	
We find that several centimeter (from the literature) and millimeter (from this work) maser components occur at similar velocities, but many features are unique to a specific transition. This indicates physically distinct gas regions with different densities, temperatures, or kinematics.



	
While 22 GHz water masers are well-established probes of shocked gas at jet–ambient interfaces, additional detections at 183–325 GHz offer complementary diagnostics. If the maser lines trace the same gas, multifrequency modeling can constrain physical conditions. If not, they provide a layered view of the circumstellar environment at different spatial scales or excitation regimes.




In summary, multifrequency water masers – spanning centimeter to submillimeter wavelengths – offer a promising but complex tool set for probing the early stages of low-mass star formation. High-resolution interferometric imaging of submillimeter lines will be essential to fully exploit their diagnostic potential, clarify the origin of masing regions, and test excitation models.


1 Efficiency values from http://www.apex-telescope.org/telescope/efficiency/index.php


2 https://galapy.readthedocs.io/en/latest/general/free_parameters.html


3 http://vizier.cds.unistra.fr/vizier/sed/old/
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Appendix A:  Individual sources
The present sample consists of Galactic low-mass Class 0-Class I YSOs for which water maser emission at 22 GHz was reported. As a summarized description for several of the sources studied here was presented previously by Humire et al. (2024), we briefly describe water-maser related information only. The exception is YLW16A, for which we provide more detailed information, as it was not covered in depth in our previous work due to the absence of CH3OH maser emission.
NGC 2024 FIR 5/6 is located in the Orion B region, this SFR presents seven compact dust condensations, FIR 1–7, as resolved by Mezger et al. (1992). Among these condensations, FIR 5 and 6 have been suggested to be Class 0 sources were water maser emission at 22 GHz emerges, although their exact emitting source among these two is not fully defined (Furuya et al. 2003, and references therein). However, later studies focusing on the SED of some sub-clumps in NGC 2024 FIR 6 find that one of these highly resolved sources corresponds to a hyper-compact H II region (Choi et al. 2012). As FIR 6 and 5 are separated by about 10″, less than our APEX beam of 19[image: equation]2 at 325 GHz, it may well be that this hyper-compact H II region, called FIR 6c, is dominating the SED of NGC 2024 FIR 5 (taken at 20″) at IR wavelengths, leading it to be the oldest in the studied sample.
CARMA 7 is a Class 0 protostar, it is the strongest radio source of the Serpens South protostellar cluster. It presents a bipolar and collimated outflow that extends ∼0.16 pc north-south (PA∼4° east of north) in CO emission (Plunkett et al. 2015). The outflow component, as seen by 12COJ = 2–1, exhibits multiple knots with velocities exceeding 10 km s−1 and reaching up to 22 km s−1. The presence of MMs is therefore likely associated with material moving at 5-10 km s−1 away from the source (and projected to ∼0.7 km s−1 from the local standard of rest velocity of the system, as shown in Table 1 of Humire et al. (2024)), observed in about eight knots, namely, before dissociation (see below) (Plunkett et al. 2015). Recently, Ortiz-León et al. (2021) reported water maser emission at 22 GHz in this source.
L1641N(orth) MM1/3 is a dark cloud in the Orion A region ∼7.2 pc south of the Orion Nebula Cluster, hosts the oldest stellar population in L1641 (van Terwisga & Hacar 2023). Cloud-cloud collisions and protocluster winds, inferred from 12CO observations, may explain the CO shells centered at L1641N (Nakamura et al. 2012). Water (22 GHz) maser emission have been encountered in this source (Kang et al. 2013). Its protostar classification lies between Class 0 and I (Froebrich 2005).
Serpens FIRS 1 is a Class 0 protostar located in the main core of the Serpens Molecular Cloud at a distance of 436±9 pc (Ortiz-León et al. 2018). Also known as Serpens SMM 1, this protostar is associated with a bipolar radio jet (e.g., Curiel et al. 1996). It is the most embedded, massive, and luminous YSO in the Serpens dark cloud (Enoch et al. 2007) with a bolometric luminosity of 91 L⊙ (Bae et al. 2011), after correcting for the abovementioned distance. High angular resolution observations at 0[image: equation]6 revealed a second YSO indicating a binary configuration for this system (Choi et al. 2012). Comparison between single-dish (Furuya et al. 2003) and interferometric observations reveal variable H2O maser emission in this source (Moscadelli et al. 2006).
Table A.1. 
Sources observed in our water maser survey.

IRAS 16293–2422 is a well-studied Class 0 protostellar system (e.g., Froebrich 2005) known for its strong water maser activity. Located in the Lynds 1689N region of the ρ Ophiuchus cloud at a distance of 141 pc (Dzib et al. 2018), this hierarchical multiple system consists of two main components, IRAS 16293–2422A and IRAS 16293–2422B, surrounded by an extended envelope of ∼8000 AU (Crimier et al. 2010; Jacobsen et al. 2018). IRAS 16293–2422A is divided into two compact sub-sources, A1 and A2.
The distance to this source (141 pc; Dzib et al. 2018) was determined using astrometry of H2O masers observed at 22 GHz with the Very Long Baseline Array. These masers are associated with outflows powered by this system, which, when compact, can reach maximum shifts of 12–16 km s−1, as seen in CO J = 1–0, with respect to the velocity of the system (Mizuno et al. 1990). Interestingly, IRAS 16293–2422 has been routinely monitored over several decades, revealing multiple H2O super flares. This phenomenon has been linked to increased activity in the binary system A. Additionally, variability in H2O masers on timescales of months has been reported by Volvach et al. (2022). The preferentially origin of long-term H2O masers is suggested to be the protoplanetary disk of the A1 compact source (Volvach et al. 2023).
Table A.2. 
Detected water maser components per source and transition.

YLW16A, also known as IRS 44, has been proposed to be a protobinary system (Allen et al. 2002), although without a clear determination in the submillimeter regime, where Artur de la Villarmois et al. (2019) found accreted shocked gas (up to ∼10 km s−1 with respect to the source’s velocity, as seen in SO2 184, 14 → 183, 15 transition) and a disk-like structure, inferred from SO2 and H13CO+ species, respectively. This latter molecule provides, through position-velocity diagrams, a stellar mass of 1.2±0.1 M⊙. The same authors also provide a couple of reasons why CH3OH is not detected, even when SO and SO2 do. One explanation is that methanol requires a large number density in the pre-shock gas to be released, which is not currently reached by the system. The second possibility is that methanol is released but later destroyed by dissociation at velocities larger than 10 km s−1, as this molecule is expected to survive at moderate velocities, between 3 and 10 km s−1 (Suutarinen et al. 2014). That limitation could also explain the lack of MMs in this source (see Fig. 2).
This source has been classified as a Class I YSO by Sadavoy et al. (2019) based on outflow detection, evidence of a dusty envelope or core, and its bolometric temperature. Additionally, water maser emission at 22 GHz has been reported with high variability, sometimes absent at certain epochs, at velocities between -15 and -10 km s−1 relative to the source’s velocity system Wilking & Claussen (1987), Furuya et al. (2003).

Appendix B:  SED modeling and data acquisition
We performed the SED fitting of our six masing sources (see Table 1) using GalaPy (Ronconi et al. 2024), an open-source tool developed in Python/C++ that covers wavelengths from X-ray to radio frequencies. GalaPy assumes a Chabrier initial mass function (Chabrier 2003) and a Λ cold dark matter cosmological model with standard parameters (Planck Collaboration VI 2020).
GalaPy allows for the selection of different star formation history (SFH) models. In this study, we employed the in situ model, which has proven effective in predicting emission in galaxies of various types and epochs (Ronconi et al. 2024). This model enables the evolution of gas, dust, and metallicity to be tracked consistently with star formation evolution, ensuring coherence among derived physical parameters.
Regarding dust, GalaPy implements a two-component model that avoids assuming a fixed attenuation curve, deriving it instead from structural parameters. These two components represent (i) the molecular cloud (MC) phase associated with young stellar populations and (ii) a diffuse medium further attenuating stellar emission. Both contribute to IR emission through two separate modified gray bodies.
Among the various free parameters of this dust model, we fixed certain known values and ranges to ensure physically meaningful results and enhance computational efficiency. Specifically, we set the total number of MCs to NMC = 1, assuming an isolated MC, and constrained their dusty and molecular radii to a typical range of 10–100 pc. A complete list of initial conditions for our SED models is given in Table B.1 while the resulting diffuse dust (TDD) and MC (TMC) temperatures are provided in Table B.2. Other SED modeling results such as MC ages, SFRs, and metallicities are not described, as they are highly dependent on extraction apertures and photometry at optical and radio regimes, which is beyond the scope of this work.
Table B.1. 
GalaPy input parameter values or ranges common to the six masing sources studied in this work. The terms “log” and “lin” next to the ranges indicate logarithmic (log10) and linear values, respectively.

For a comprehensive list of all GalaPy parameters beyond those considered in this work, which is restricted to the in situ model, we refer the reader to Table B.3 in Ronconi et al. (2024) and its online documentation2.
Table B.2. 
GalaPy’s SED-fitting results for each source.

The photometric measurements for the six masing sources were obtained from the VizieR photometry viewer3, setting a conservative aperture radius of 20″ to better match our lower angular resolution of 34″, corresponding to the APEX half-power beam width at 181.310 GHz. Repeated observations were discarded leaving the highest in flux only. As we are interested in the dust temperature, quantity that depends on the FIR peak, we also deleted highly variable optical and radio measurements, while in the mid-IR we kept dispersed observations as the model naturally fit the largest values, as can be most noticeable seen for CARMA 7, L1641N MM1/3, and Serpens FIRS 1 in Fig. B.1.
	[image: thumbnail]	Fig. B.1. SED models obtained with the GalaPy software for the sources studied in this work (see Appendix A). Points correspond to the photometric measurements obtained from the VizieR photometry viewer (see Appendix B), while solid lines correspond to the unattenuated stellar emission (green), molecular cloud component (MC, purple), stellar emission considering extinction (extinct, red), and diffuse dust (DD, yellow).




Appendix C:  Sulfur-bearing molecules as an age estimator
As an age estimator, we avoided using sulfur-bearing molecules such as OCS, SO, and SO2, which have been proposed as potential chemical clocks in previous studies (e.g., Wakelam et al. (2004), Herpin et al. (2009)). This decision is based on two key reasons:

	
Limited observational constraints: Our measured line ratios (SOJ = 78–67/OCSJ = 16–15 ∼ 10–70 and SO2J = 91, 9–80, 8/OCS ∼ 1–8; not shown) show orders-of-magnitude differences compared to column density ratios from high-resolution ALMA observations of IRAS 16293-2422 (Drozdovskaya et al. 2018), where SO/OCS = 0.2% (0.002) and SO2/OCS = 0.5% (0.005) in the compact component, and SO/OCS = 63% (0.63) and SO2/OCS = 9% (0.09) in the more extended region. These discrepancies suggest our line ratios cannot be directly interpreted as column density ratios likely due to opacity effects mainly on the OCS line.



	
Uncertainties in sulfur chemistry: The underlying chemical evolution of sulfur-bearing molecules remains poorly understood. Key issues include (i) the unknown reservoir of sulfur in interstellar ices (whether H2S, atomic S, or other compounds such as NH4SH; Slavicinska et al. 2025 are predominant), (ii) the sensitivity of sulfur chemistry to grain-surface processes and thermal history prior to protostar formation, and (iii) the strong dependence of observed abundances on desorption temperatures (e.g., SO2 vs. OCS). Recent studies (Santos et al. 2024) also highlight inconsistencies in using these species as evolutionary tracers, as their abundances may reflect local conditions (e.g., protostellar temperature) rather than source age.
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	[image: thumbnail]	Fig. 1. Water maser transitions detected in our sample (Table A.1). Source names and maser transitions are indicated to the right of each panel. Velocities are given in the observed frame. The observed spectra are displayed in black, and single or multiple Gaussian fits are overplotted as colored, semitransparent solid lines. The total fitted emission is shown as a dashed red line. Vertical dashed red lines indicate the systemic velocities of the sources, as listed in Table A.1. For a few panels, the ordinate axis is limited between 20 and 150 Jy to better highlight weaker features. Shaded blue regions indicate the full velocity range of the maser emission, defined as the interval where the fitted model exceeds 3σ above the baseline noise. Horizontal dashed black lines mark the 1 and 3σ noise levels, estimated over the shown velocity range excluding the shaded regions. The bottom-right panel combines all IRAS 16293–2422 submillimeter transitions with a flux limit of 70 Jy to highlight weak spectral features.
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	[image: thumbnail]	Fig. 2. Sources are ordered along the x-axis from youngest to oldest, based on the diffuse dust temperature TDD (see Table 1), which is shown in red and corresponds to the rightmost y-axis. The left y-axis shows the molecular cloud temperature (TMC, in blue), derived from gray-body fits to the SED using the same methodology as for TDD (see Appendix B). Water and MM detections are indicated above each source, with water maser transitions labeled by their frequency in GHz. All temperatures are in kelvin.
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      Table 1. 

      Proposed evolutionary scenario.

      
        


	Region
	MMcIsJ−1
	H2O
	TDD [K]
	Relative age





	
	J = 7
	J = 10
	22
	183
	321
	325
	
	



	
	70.6
	133.2
	643.5
	204.71
	1861.3
	469.9
	
	



	




	IRAS 16293
	✗
	✗
	✓
	✓
	✓
	✓
	16.92[image: equation]
	quite young



	CARMA 7
	✓
	✓
	✓
	✓
	✗
	✗
	29.56[image: equation]
	very young



	YLW16A
	✗
	✗
	✓
	✓
	✗
	✗
	37.93[image: equation]
	young



	Serpens FIRS
	✗
	✓
	✓
	✓
	✓
	✗
	42.07[image: equation]
	slightly evolved



	L1641N
	✓
	✓
	✓
	✓
	✗
	✗
	48.493[image: equation]
	evolved



	NGC 2024
	✗
	✓
	✓
	✗
	✗
	✗
	94.04[image: equation]
	very evolved





      

      
Notes. Frequencies of the water masers are indicated in GHz, with upper energy levels in Kelvin shown below each transition label. The diffuse dust temperatures (TDD) were derived from SED fits (see Appendix B).



    

  
    
      Fig. 1. 
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        Water maser transitions detected in our sample (Table A.1). Source names and maser transitions are indicated to the right of each panel. Velocities are given in the observed frame. The observed spectra are displayed in black, and single or multiple Gaussian fits are overplotted as colored, semitransparent solid lines. The total fitted emission is shown as a dashed red line. Vertical dashed red lines indicate the systemic velocities of the sources, as listed in Table A.1. For a few panels, the ordinate axis is limited between 20 and 150 Jy to better highlight weaker features. Shaded blue regions indicate the full velocity range of the maser emission, defined as the interval where the fitted model exceeds 3σ above the baseline noise. Horizontal dashed black lines mark the 1 and 3σ noise levels, estimated over the shown velocity range excluding the shaded regions. The bottom-right panel combines all IRAS 16293–2422 submillimeter transitions with a flux limit of 70 Jy to highlight weak spectral features.
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        Sources are ordered along the x-axis from youngest to oldest, based on the diffuse dust temperature TDD (see Table 1), which is shown in red and corresponds to the rightmost y-axis. The left y-axis shows the molecular cloud temperature (TMC, in blue), derived from gray-body fits to the SED using the same methodology as for TDD (see Appendix B). Water and MM detections are indicated above each source, with water maser transitions labeled by their frequency in GHz. All temperatures are in kelvin.

      

    

  
    
      Table A.1. 

      Sources observed in our water maser survey.

      
        


	Source
	RA (J2000)
	Dec. (J2000)
	VLSR



	
	(h m s)
	(° ′ ″)
	(km s−1)





	IRAS 16293-2422
	16 32 22.6
	-24 28 31.8
	4.0



	L1641N MM1/3
	05 36 18.4
	-06 22 11
	7.4



	CARMA–7
	18 30 04.1
	-02 03 02.4
	7.0



	Serpens FIRS 1
	18 29 49.8
	+01 15 21
	8.0



	YLW16A
	16 27 28.0
	-24 39 33.5
	3.6



	NGC 2071 North
	05 47 42.3
	+00 38 40
	9.0



	Orion A West
	05 32 41.7
	-05 35 47.6
	7.0



	HH1-2 VLA1
	05 36 22.5
	-06 46 01
	8.9



	HH 212
	05 43 51.1
	-01 03 01
	1.7



	Haro4-255
	05 39 22.3
	-07 26 45
	4.8



	GSS 30-IRS1
	16 26 21.4
	-24 23 04.0
	3.6



	NGC 2024 FIR 5/6
	05 41 44.5
	-01 55 43
	11.0



	L483
	18 17 35.0
	-04 39 48
	6.0



	L483-FIR
	18 17 29.8
	-04 39 38.3
	6.0



	HOPS 96
	05 35 30
	-04 58 48.8
	11.7



	IRAS 18264-0143
	18 29 05.3
	-01 41 56.9
	7.0



	LDN 723-mm
	19 17 53.9
	+19 12 25
	10.5



	Serpens SMM 4
	18 29 57.0
	+01 13 15.1
	8.0





      

      
Notes. Sources of our survey. Their position are shown in columns 2 and 3. The LSR velocity is given in column 4.



    

  
    
      Table A.2. 

      Detected water maser components per source and transition.

      
        






	Source
	183 GHz
	321 GHz
	325 GHz
	22 GHz
	Ref.



	
	Vpeak
	Fν [Jy]
	Vpeak
	Fν [Jy]
	Vpeak
	Fν [Jy]
	Vpeak
	Fν [Jy]



	
	[km s−1]
	
	[km s−1]
	
	[km s−1]
	
	[km s−1]
	





	 IRAS16293–2422
	Vrange: [–8.5, 7.4]
	Vrange: [2.6, 7.5]
	Vrange: [–4.1, 9.2]
	Vrange: [–8, 10]
	



	
	–5.9
	15.9
	
	
	
	
	–2.4
	154.0
	R1



	
	–2.3
	218.6
	
	
	–1.8
	16.3
	0.3
	20.5
	R2



	
	0.8
	31.6
	
	
	1.2
	497.4
	1.5
	50.2
	



	
	4.0
	55.1
	5.1
	217.7
	4.7
	15.0
	1.9
	95.2
	



	
	
	
	
	
	7.3
	18.0
	2.6
	79.8
	



	
	
	
	
	
	
	
	3.3
	41.2
	



	
	
	
	
	
	
	
	5.4
	293.6
	



	
	
	
	
	
	
	
	5.9
	77.4
	



	
	
	
	
	
	
	
	7.3
	12.7
	



	




	Serpens FIRS 1
	Vrange: [0.7, 7.1]
	Vrange: [11.0, 18.4]
	
	Vrange: [6, 25]
	R1



	
	3.9
	210.0
	
	
	
	
	6.4
	8.4
	R3



	
	
	
	12.0
	2.2
	
	
	9.1
	29.0
	



	
	
	
	15.8
	11.1
	
	
	15.6
	2.1
	



	
	
	
	
	
	
	
	17.0
	8.3
	



	
	
	
	
	
	
	
	18.1
	14.9
	



	
	
	
	
	
	
	
	21.5
	7.7
	



	
	
	
	
	
	
	
	22.9
	3.0
	



	
	
	
	
	
	
	
	23.6
	37.8
	



	
	
	
	
	
	
	
	24.1
	8.6
	



	




	YLW16A
	Vrange: [–19.1, 11.2]
	
	
	Vrange: [–16, 17]
	R1



	
	–16.0
	28.6
	
	
	
	
	–15.2
	366.0
	R2



	
	–12.2
	23.4
	
	
	
	
	–10.5
	1.1
	



	
	–5.6
	6.5
	
	
	
	
	15.4
	6.6
	



	
	1.2
	6.7
	
	
	
	
	16.3
	39.1
	



	
	7.9
	5.7
	
	
	
	
	
	
	



	




	L1641N-MM1/3
	Vrange: [–4.8, 5.8]
	
	
	Vrange: [–8, 26]
	R3



	
	–0.7
	4.0
	
	
	
	
	–7.3
	1.8
	R4



	
	3.8
	18.6
	
	
	
	
	5.2
	9.0
	



	
	
	
	
	
	
	
	6.5
	196.9
	



	
	
	
	
	
	
	
	7.3
	17.0
	



	
	
	
	
	
	
	
	7.9
	59.1
	



	
	
	
	
	
	
	
	8.6
	23.1
	



	
	
	
	
	
	
	
	11.5
	8.6
	



	
	
	
	
	
	
	
	23.8
	8.8
	



	
	
	
	
	
	
	
	25.6
	2.7
	



	




	CARMA 7
	Vrange: [1.0, 11.0]
	
	
	Vrange: [10, 13]
	R5



	
	4.4
	22.6
	
	
	
	
	10.5
	0.1
	



	
	8.7
	20.1
	
	
	
	
	
	
	





      

      
Notes. Velocities and flux densities refer to individual maser components identified through multi-Gaussian fits to the spectral profiles. Vrange indicates the total velocity interval over which maser emission was detected (shaded blue regions in Fig. 1). For each transition, the subcolumns report the peak velocity and flux density of each Gaussian component, listed in order of increasing velocity. Typical 1σ uncertainties are ∼0.1 km s−1 in velocity and ∼10% in flux density (median values). Where possible, components from different (sub)millimeter transitions are placed on the same row when their peak velocities are similar (within a few km s−1). Blank entries indicate either non-detection or lack of a velocity match across transitions. The 22 GHz maser properties are drawn from previous studies across different epochs and resolutions: SerpensFIRS1 (Furuya et al. 2003; Bae et al. 2011), L1641N,MM1/3 (Bae et al. 2011; Kang et al. 2013), YLW16A (Furuya et al. 2003; Sunada et al. 2007), and IRAS16293–2422 (Furuya et al. 2003; Sunada et al. 2007). When multiple nearby components are reported, we bin them in 0.5 km s−1 intervals and average the velocity; for repeated observations, we adopt the mean peak flux density. The last column indicates the following references (Ref.): Furuya et al. (2003), R2: Sunada et al. (2007), R3: Bae et al. (2011), R4: Kang et al. (2013), and R5: Ortiz-León et al. (2021).



    

  
    
      Table B.1. 

      GalaPy input parameter values or ranges common to the six masing sources studied in this work. The terms “log” and “lin” next to the ranges indicate logarithmic (log10) and linear values, respectively.

      
        


	Parameter
	Value/Range
	Brief description





	redshift
	0.0
	



	age
	([4,7], log)
	age of the MC



	sfh.tau_star
	([4,7], log)
	characteristic timescale (yrs.)



	ism.tau_esc
	([4,7], log)
	Stars’ escape time from MC (yrs.)



	sfh.psi_max
	([-2.0, 3], log)
	Maximum SFR (M⊙ yr−1)



	ism.R_MC
	([0.0, 2], log)
	MC radius (pc)



	sfh.tau_quench
	1e+20
	Star formation quenching (yrs.)



	ism.f_MC
	([0.0, 1.0], lin)
	MCs’ fraction into the ISM



	ism.norm_MC
	100.0
	MCs’ normalization factor



	ism.N_MC
	1.0
	number of MCs



	ism.dMClow
	1.3
	Extinction index < 100μ



	ism.dMCupp
	1.6
	Extinction index ≳100μ



	ism.norm_DD
	1.0
	Diffuse dust norm. factor



	ism.Rdust
	([0.0, 2.0], log)
	Radius of the diffuse dust (DD, pc)



	ism.f_PAH
	([0.0, 1.0], lin)
	DD fraction radiated by PAH



	ism.dDDlow
	0.7
	DD extinction index < 100μ



	ism.dDDupp
	2.0
	DD extinction index ≳100μ



	syn.alpha_syn
	0.75
	Spectral index



	syn.nu_self_syn
	0.2
	Self-absorption frequency (GHz)



	f_cal
	([-5.0, 0.0], log)
	Calibration uncertainty





      

    

  
    
      Table B.2. 

      GalaPy’s SED-fitting results for each source.

      
        


	Source
	TMC
	TDD
	Cont. peak



	
	[K]
	[K]
	[Å]





	IRAS 16293
	39.60[image: equation]
	16.92[image: equation]
	1.30



	CARMA 7
	23.82[image: equation]
	29.56[image: equation]
	1.74



	YLW16A
	24.62[image: equation]
	37.93[image: equation]
	1.58



	Serpens FIRS
	34.89[image: equation]
	42.07[image: equation]
	1.47



	L1641N
	51.87[image: equation]
	48.493[image: equation]
	1.00



	NGC 2024
	65.85[image: equation]
	94.04[image: equation]
	1.04





      

      
Notes. TMC is the molecular cloud temperature, TDD is the diffuse dust temperature. Both temperatures come from different gray body fits (see blue and yellow fitting lines inside the SEDs in Fig. B.1, respectively). The continuum peak (Cont. peak) is the wavelength at which the SED model peaks. Other parameters, such as stellar mass or bolometric luminosity are not taking into account as they can be strongly affected by the chosen apertures or source’s variability and are also not required for our analysis.



    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        SED models obtained with the GalaPy software for the sources studied in this work (see Appendix A). Points correspond to the photometric measurements obtained from the VizieR photometry viewer (see Appendix B), while solid lines correspond to the unattenuated stellar emission (green), molecular cloud component (MC, purple), stellar emission considering extinction (extinct, red), and diffuse dust (DD, yellow).
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