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Abstract

Context. The SiO emissions are usually used to trace high-velocity outflow shocks in star-forming regions. However, several studies have found low-velocity and widespread SiO emissions not associated with outflows in molecular clouds.

Aims. We aim to detect and characterize the SiO emissions in massive dense cores (MDCs), and explore the properties of the central sources of SiO emission.

Methods. We present high-angular-resolution (~1.5″) observations of the SiO (5−4) line made with the Submillimeter Array towards a sample of 48 MDCs in the Cygnus-X star-forming complex. We studied the SiO emission structures, including their morphologies, kinematics, and energetics, and investigated their relationship with the evolution of the central sources.

Results. The SiO (5−4) emission is detected in 16 out of 48 MDCs. We identify 14 bipolar and 18 unipolar SiO (5−4) outflows associated with 29 dust condensations. Most outflows (24 out of 32) are associated with excess Spitzer 4.5 μm emissions. We also find diffuse low-velocity (Δv ≤ 1.2 km s−1) SiO (5−4) emission closely surrounding the dust condensations in two MDCs, and suggest that it may originate from decelerated outflow shocks or large-scale shocks from global cloud collapse.

Conclusions. We find that the SMA SiO (5−4) emission in MDCs is mostly associated with outflows. Probably due to the relatively high excitation of SiO (5−4) compared to SiO (2−1) and due to the spatial filtering effect, we do not detect large-scale low-velocity SiO (5−4) emission, but detect more compact low-velocity emission in close proximity to the dust condensations. We group the sources into different evolutionary stages based on the infrared emission, radio continuum emission, and gas temperature properties of the outflow central sources, and find that the 24 μm luminosity tends to increase with evolution.
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1 Introduction
Massive stars dominate the energy input in galaxies and play a crucial role in shaping their host galaxies through feedback in the form of outflows, wind, UV radiation, and supernovae (Bolatto et al. 2013; Schilke 2015). Over the last few decades, the formation of high-mass stars has been studied both observationally and theoretically (e.g., Habing & Israel 1979; Bonnell et al. 1997, 1998; McKee & Tan 2003; Bergin & Tafalla 2007; Qiu et al. 2008; Zhang et al. 2015; Padoan et al. 2020). However, high-mass star-forming regions are difficult to observe due to their large distance, high extinction, small population, and short timescales (Zinnecker & Yorke 2007; Motte et al. 2018). By removing angular momentum from the accreting gas, outflows and jets are thought to be unique forms of feedback generated from massive star formation and feeding back to their parent molecular clouds and the surrounding interstellar medium (ISM; e.g., Arce et al. 2007; Zhang et al. 2015; Bally 2016; Beltrán & de Wit 2016). These phenomena can also provide vital information about the massive star formation processes.
Outflows and jets are found in massive star-forming regions at different evolutionary stages (e.g., Churchwell 2002; Arce et al. 2007; Bergin & Tafalla 2007; Beuther & Sridharan 2007; Qiu et al. 2007; Cabrit et al. 2012; Louvet et al. 2016; Lu et al. 2021). CO rotational lines are widely employed to study outflows; they typically trace the low-velocity, extended component of the outflow and are usually contaminated by surrounding material. The rotational transitions of silicon monoxide (SiO) exclusively trace shocks in outflows and jets because Si atoms are released from dust grains by sputtering or vaporization due to shock activity (Gusdorf et al. 2008b,a; Guillet et al. 2009), and SiO is mainly formed by the reaction between Si atoms and O2 or OH in the gas phase (Herbst et al. 1989; Caselli et al. 1997; Schilke et al. 1997; Rivero-Santamaría et al. 2014). Additionally, SiO can also be formed through a less prominent scenario involving Si+ SiO+, and HSiO+ (Leurini et al. 2013). Therefore, the abundance of SiO in molecular outflows can be highly enhanced by several orders of magnitude compared to the surroundings (e.g., Martin-Pintado et al. 1992; Codella et al. 2005; Nisini et al. 2007; López-Sepulcre et al. 2011; Sanhueza et al. 2012; Csengeri et al. 2016), which makes SiO emission a good tracer for studying shocks in star-forming regions.
The SiO emission in star-forming regions is usually used to trace high-velocity outflow shocks (e.g., Qiu et al. 2007; López-Sepulcre et al. 2011; Lu et al. 2021). However, low-velocity and widespread SiO emissions not associated with outflows in molecular clouds have been found in several studies (e.g., Motte et al. 2007; Nguyen-Lu’o’ng et al. 2013; Sanhueza et al. 2013; Duarte-Cabral et al. 2014; Louvet et al. 2016). For example, Sánchez-Monge et al. (2013) carried out CARMA (Combined Array for Research in Millimeter-wave Astronomy) SiO observations towards IRDC G028.23-00.19 and speculated that the narrow (σν ≤ 2 km s−1) SiO emission is generated from a “subcloud-subcloud” interaction or by unresolved low-mass stars. Duarte-Cabral et al. (2014) found narrow (σν ≤ 1.5 km s−1) and dispersed SiO emission in six Cygnus-X MDCs with Plateau de Bure Interferometer (PdBI) observations and concluded that this emission arises from collisions between large-scale flows. Until now, for most of the SiO observations toward star-forming regions, the angular resolution or sensitivity has not been good enough to explore the origin of the SiO emission.
In this work, we report a SiO (5−4) line survey towards 48 MDCs in Cygnus-X with the Submillimeter Array1 (SMA; Ho et al. 2004). With a distance of 1.4 kpc to the Sun (Rygl et al. 2012), the Cygnus-X star-forming complex is one of the richest and most active massive star-forming regions in our Galaxy. This complex contains ~4 × 106 M⊙ of molecular gas, and harbors H II regions, OB associations, and a large sample of MDCs (Huchtmeier & Wendker 1977; Wendker et al. 1991; Leung & Thaddeus 1992; Uyaniker et al. 2001; Shepherd et al. 2004; Motte et al. 2007; Schneider et al. 2007; Bontemps et al. 2010; Giannetti et al. 2013; Cao et al. 2019). The aim of our project, Surveys of Clumps, CorEs, and CoNdenSations in CygnUS-X (CENSUS, PI: Keping Qiu), is to study the hierarchical cloud structures and high-mass star formation processes taking place in Cygnus-X.
Thanks to the high resolution of the SMA and the relatively short distance to Cygnus-X, we can achieve a spatial resolution of ~0.01 pc and can therefore resolve the shock-associated SiO (5−4) structures. First, we describe the sample and observations in Sect. 2. We then present the results and data analysis in Sect. 3. We discuss the observational results in Sect. 4 and summarize the main findings in Sect. 5.
2 Observations and data reduction
The MDC sample observed in this work is summarized in Table 1, which covers 48 MDCs identified by Cao et al. (2021). We first made SMA observations towards MDCs identified by Motte et al. (2007). We then added eight MDCs with 850 μm continuum peaks in the JCMT (James Clerk Maxwell Telescope) maps of the Cygnus OB2 region (Cao et al. 2021), which is not covered by Motte et al. (2007). As a result, the presented SMA observations consist of 31 single-pointing and two mosaic observations.
The SMA observations were conducted with the Subcompact, Compact, and Extended configurations. The raw data were calibrated with the IDL (Interactive Data Language) superset MIR2. The calibrated visibilities were exported into CASA (the Common Astronomy Software Applications, McMullin et al. 2007) for joint imaging, and the final maps have a synthesized beam of ~1.8″. Considering the upgrade of the SMA correlator from ASIC to SWARM during our observation and the archival observations, the total bandwidths of the data in this study range from 4 to 16 GHz, and the spectral resolution is also not uniform. Nevertheless, each observation covered the SiO (5−4) line, and we smoothed all the data with a uniform spectral resolution of 812.5 kHz (~1.12 km s−1 at 217.105 GHz) during imaging. The simultaneously observed CO (2−1) line emission serves as an auxiliary tool in the identification of SiO outflows, and detailed information on CO (2−1) can be found in Pan et al. (2024).
3 Results
3.1 SiO detection
We identify the SiO (5−4) emission using the following two steps: (1) We check the position-position-velocity (PPV) data cubes of the SiO emission. If more than three consecutive pixels have a peak flux of higher than 3σ noise level, we mark this MDC as a detection. (2) Furthermore, we check the integrated intensity of SiO (5−4) within ± 15 km s−1 and ±5 km s−1 relative to the MDC systemic velocity, and pick those with a detection with a signal-to-noise ratio of greater than 3. The systemic velocity for each MDC is determined by the centroid velocity, v1sr, of the DCN (3−2) line, while the C18O (2−1) line is used when the DCN (3−2) line is not detected. Table 2 summarizes the SiO detections and the systemic velocities.
3.2 SiO outflow morphology and kinematics
High-velocity SiO emissions detected in star-forming regions are typically indicative of outflows (e.g., Qiu et al. 2007; Lu et al. 2021). Several studies have explored the narrow SiO emissions using interferometer arrays. Sanhueza et al. (2013) reported a SiO component with narrow line widths of approximately 2 km s−1 from CARMA observations toward the infrared-dark cloud G028.23-00.19. Duarte-Cabral et al. (2014) conducted PdBI observations and identified narrow-line SiO (2−1) emissions (σν ≤ 1.5 km s−1) in six MDCs located within Cygnus-X, four of which are included in the sample of the present study. Furthermore, De Simone et al. (2022) detected SiO (2−1) emission with narrow-line profiles of around 1.5 km s−1 towards Class 0 protostars in NGC 1333 through NOrthern Extended Millimeter Array (NOEMA) observations. Given the limited velocity resolution (~1.12 km s−1) of our data, we are forced to work with only one velocity channel to check the presence of this kind of emission within our sample and, if it exists, to derive its spatial distribution. We derive high-velocity SiO emission - which most likely arises from outflows – with Δv ≥ two channel widths (~2.3 km s−1) with respect to the systemic velocity.
The high-velocity SiO (5−4) integrated maps are presented in Figs. 1–15. We also show the Spitzer 3.6, 4.5, and 8.0 μm three-color composite maps. We identify 14 bipolar and 18 unipolar SiO outflows in 16 MDCs. The SiO (5−4) channel maps are shown in Appendix A. Below we describe the details of the identification, morphology, and kinematics of the SiO emission structures in each MDC.
MDC220. Figure 1a shows the SiO (5−4) emissions integrated from 9.1 to 12.2 km s−1 for the blueshifted lobe and from 16.8 to 26.1 km s−1 for the redshifted lobe. It is difficult to determine whether the SiO emissions arise from a single outflow or multiple outflows. It is even more difficult to identify the central sources of the outflow(s). By cross-matching the CO (2−1) maps (Pan et al. 2024), we tentatively identify two bipolar SiO outflows originating from MM1 and MM2, respectively. For the MM1 outflow, the blueshifted lobe has an orientation consistent with that of the CO emission, and this elongated structure is also seen in the 11.4 km s−1 velocity channel map (see Appendix A). The redshifted SiO emission from this outflow appears to be closely surrounding MM1 and is detected at 15.9−21.5 km s−1. For the MM2 outflow, its redshifted lobe is the most remarkable feature in the SiO maps and is detected at 19.2–24.9 km s−1 as a slightly elongated clump to the south of MM2. The blueshifted lobe of this outflow shows relatively faint SiO emission and is discernible at 10.3 and 11.4 km s−1 immediately to the north of MM2. In Fig. 1b, excess 4.5 μm emission is detected in the area outlined by the SiO (5−4) contours.
MDC248. Figure 2a presents the blueshifted (from 4.9 to 12.1 km s−1 ) and redshifted (from 16.7 to 20.7 km s−1) SiO (5−4) emission. For the redshifted emission, we find a compact structure surrounding MM1/MM2 and two tiny knots to the southwest of these continuum sources. Multiple clumpy structures are detected away from the continuum sources for the blueshifted emission. It is difficult to identify the central sources of these multiple SiO outflows. With the assistance of the CO (2−1) outflows, we interpret the SiO emission as two bipolar SiO outflows originating from MM1 and MM2, and one unipolar outflow arising from MM3. For the MM1 outflow, the redshifted emission extends from MM1 to the southeast; the blueshifted emission has two components, one seems to be closely surrounding MM1 and the other is detected to the northwest of MM1. For the MM2 outflow, the blueshifted and redshifted lobes are found on opposite sides of MM2 along the outflow axis. For the MM3 outflow, clumpy blueshifted SiO emission is detected to the northeast of the condensation. In Fig. 2b, there is excess “green” emission detected in the area of two bipolar SiO outflows.
MDC310. The integrated SiO map (Fig. 3a) reveals a well-collimated bipolar outflow centered at the continuum source MM1. This bipolar outflow has a southeast-northwest (SE–NW) orientation, which is consistent with the CO (2−1) observation.
In Fig. 3b, we detect significant “green” nebulosity surrounding MM1. The PV (position-velocity) structure (Fig. 16) could be well described by Hubble Wedge features (Arce & Goodman 2001), and the multiple knots in the blueshifted lobe may result from episodic mass accretions during the formation of high-mass stars.
MDC341. The SiO (5−4) emission (Fig. 4a) seems to trace a northeast-southwest (NE-SW) bipolar outflow, but neither MM1 nor MM2 coincides with the geometric center of this structure.
In the channel maps (see Appendix A), the redshifted emission seems to originate from MM1 and extends to the southwest from 0.4 to 40.9 km s−1, while the blueshifted emission appears to arise from MM1 and extends to the east from −34.3 to −20.8 km s−1. Considering the orientations of the CO (2−1) outflows, it is reasonable to interpret the SiO emission as one west-east unipolar outflow and one NE-SW unipolar outflow, both centered at MM1. In Fig. 4b, there is “green” emission in the central SiO-detected region.
MDC351. Figure 5a presents the image of blueshifted (from −12.1 to −2.9 km s−1) and redshifted (from 1.7 to 11.6 km s−1) SiO (5−4) emission. Except for the tiny redshifted emission extending from MM2 to the northeast, we cannot identify the central sources of the other SiO (5−4) emission. Taking the orientations of the CO (2−1) outflows into consideration, we believe that the other SiO (5−4) emission traces one bipolar outflow centered at MM2 and one unipolar outflow generated from MM3, while there is redshifted emission (pointed out with a black rectangle) not associated with any continuum sources. For the MM2 outflow, its blueshifted lobe at −9.8 ~ −5.3 km s−1 (see Appendix A) has a northeast-southwest orientation similar to that of the CO emission; the redshifted lobe of this outflow is marginally detected at 3.66 ~ 9.27 km s−1. For the unipolar outflow, the redshifted emission extends from MM3 to the northwest, which is clear at 4.8−9.3 km s−1. The SiO (5−4) structure without an identified central source has a velocity range of 0.3 to 7.0 km s−1. We also detect CO (2−1) emission within this velocity range with a spatial distribution comparable to that of the SiO emission. This SiO structure could have various origins: (i) one possibility is that the SiO emission arises from outflow shock generated from a low-mass protostar undetected in the SMA 1.37 mm continuum image. The sensitivity of the 1.37 mm continuum observation at a distance of 1.4 kpcs is equivalent to ~1 M⊙, and this SiO emission could trace outflow from a protostar with an envelope mass of below 1 M⊙. We note that there is a “dark” region near to this SiO structure in the Spitzer three-color map (Fig. 5c), and this area possibly harbors a low-mass protostar. (ii) Another possibility is that the unidentified SiO emission is related to large-scale shocks from converging flows; this scenario has been suggested for other high-mass star-forming regions by Jiménez-Serra et al. (2010). Figure 17 presents averaged spectra of SiO (5−4) and CO (2−1) in the region outlined by the SiO contours. The CO emission consists of two components; one is a blueshifted outflow from MM2, and the other could be a redshifted outflow from a potential low-mass protostar. This SiO emission could result from the collision or intersection of these two outflows. The FWHM of the SiO emission is around 5 km s−1, which is broader than the line width of widespread SiO emission in Duarte-Cabral et al. (2014, ≤2.5 km s−1 ) and Jiménez-Serra et al. (2010, ~0.8 km s−1), and this relative broad line width could be a result of the interaction between different gas components. In Fig. 5b, we detect a knot of excess 4.5 μm emission at the head of the blueshifted SiO outflow.
MDC507/753. In Fig. 6a, the blueshifted (from −24.3 to −0.7 km s−1) and redshifted (from 3.9 to 13.9 km s−1) SiO (5−4) emission reveals multiple outflows. There is a redshifted outflow launching from MM4 and extending from south to north. Blueshifted emission is detected to the northeast of MM5 (with a water maser spot detected nearby) and we identify MM5 as the central source of SiO emission. The emission surrounding MM3 is detected along the northeast-southwest axis, but it is difficult to identify how many bipolar or unipolar outflows it traces. Considering the CO (2−1) emission, we believe this SiO (5−4) emission arises from two bipolar outflows. For one bipolar outflow with redshifted emission detected to the southwest of MM3, this redshifted lobe is clear at 4.8–9.4 km s−1 in the channel maps (see Appendix A), and its blueshifted lobe is detected at −9.7 to −0.7 km s−1 as an elongated clump to the northeast of MM3. For the other bipolar outflow, the redshifted and blueshifted lobes are found along the outflow axis with an orientation of NE-SW. In Fig. 6b, we detect a blueshifted outflow originating from MM8 in a narrower velocity range (from −1.9 to −0.7 km s−1). In Fig. 6c, excess 4.5 μm emission is detected surrounding the bipolar outflows, and “green” knots are found at the fronts of three unipolar outflows.
MDC509. Figure 7a shows the image of blueshifted (from −8.2 to 5.1 km s−1) and redshifted (9.7–31.2 km s−1) SiO (5−4) emission. The redshifted lobe seems to originate from MM1 and to extend to the southwest. Also, a tiny blueshifted lobe is detected to the northwest of MM4 and appears to arise from this continuum source. For the remarkable blueshifted lobe close to MM7, the emission at 1.9 ~ 4.2 km s−1 in the channel maps (see Appendix A) appears to be associated with MM7, which is a continuum source with water maser detection, and the emission at −1.4 ~ 0.8 seems to originate from MM4. Therefore, we tentatively regard this blueshifted lobe as a combination of two outflows from MM4 and MM7, and the orientations of the outflows are consistent with those of the CO (2−1) observation. In Fig. 7b, there is excess 4.5 μm emission detected in the area outlined by the redshifted SiO (5−4) contours and two “green” tips are found nearby MM4 and MM7.
MDC684. The high-velocity blueshifted (from −36.5 to −8.8 km s−1) SiO (5−4) emission in Fig. 8a reveals a bipolar outflow and the redshifted (from −4.2 to 29.8 km s−1) SiO (5−4) emission reveals an isolated blueshifted outflow. The bipolar outflow is centered at MM1 and has an east-west orientation.
Although there are a few instances of SiO emission generated from MM2 at −14.0 ~ −11.8 and −1.7 ~ 0.6 km s−1 in the channel maps (see Appendix A), we still regard MM1 as the central source of this bipolar SiO outflow. For the southern blueshifted lobe, it is difficult to identify its central source. Considering the CO (2−1) observation, we interpret MM3 as the central source of this outflow. In Fig. 8b, the 4.5 μm excess and the SiO emission show good spatial consistency. The PV diagram (Fig. 16) shows a Hubble Law feature (Lada & Fich 1996).
MDC698. Figure 9a presents both blueshifted (from −5.0 to 17.3 km s−1) and redshifted (from 21.9 to 28.8 km s−1) SiO (5−4) emission. We detect a blueshifted lobe to the south of MM3 and a redshifted lobe to the north of MM1, and it is difficult to identify their central sources. Considering the CO (2−1) observations, we tentatively identify one blueshifted outflow generated from MM3 and one redshifted outflow arising from MM1. In Fig. 9b, the emission from MM1 contributes to most of the infrared emission in this region, and we cannot find 4.5 μm excess in the SiO detected area.
MDC699. Figure 10a shows both blueshifted (from −9.7 to −3.8 km s−1) and redshifted (from 0.8 to 11.8 km s−1) SiO (5−4) emission. Due to their marginal detections, we could not identify the central source or the orientations of the outflows traced by the SiO emission. In the CO observations, we only find a unipolar outflow to the southeast of MM4 (an arrow with a solid line) which is not associated with the SiO emission. With the assistance of the CO outflows identified by Skretas & Kristensen (2022, arrows with dashed lines), the SiO emission is believed to trace a south-north bipolar outflow. Although no continuum sources are identified at the center of this bipolar outflow, a source with the continuum emission under our detection limit cannot be ruled out. In Fig. 10b, we cannot find “green” excess spatially associated with the SiO emissions.
MDC801. Figure 11a presents the redshifted SiO (5−4) emission integrated from −7.5 to 7.2 km s−1. The redshifted SiO lobe arises from MM1 and extends to the northwest, which is consistent with the CO (2−1) observation in orientation. In Fig. 11b, the distribution of the SiO emission is coincident with that of the extended “green” emission.
MDC1112. MDC1112 is one of the most well-studied star-forming regions in the Cygnus-X complex, and is also known as W75N(B). Figure 12a shows blueshifted (from −7.6 to 6.7 km s−1) and redshifted (from 11.3 to 18.3 km s−1) SiO (5−4) emission. It is difficult to identify how many outflows the SiO emission traces and it is even more difficult to determine the central sources of the outflows. By cross-matching our CO (2−1) observations and identified outflows in Shepherd et al. (2004), we tentatively identify two bipolar SiO outflows originating from MM2 and MM3, respectively, and one unipolar outflow arising from MM1. For the MM3 outflow, the blueshifted lobe is discernible to the southwest of this continuum source at −7.6 ~ 1.4 km s−1 in the channel maps (see Appendix A), and the redshifted emission is detected to the northeast at 10.4 ~ 17.1 km s−1. For the MM2 outflow, its blueshifted emission is relatively faint at 5.9 km s−1. The redshifted lobe of this outflow is detected at 11.5 ~ 13.8 km s−1. For the MM1 unipolar outflow, the redshifted emission is oriented northwest-southeast, and this elongated structure can be seen in the 11.5 ~ 12.6 km s−1 velocity channels. In Fig. 12b, we detect a “green” tip associated with the northern redshifted SiO outflow, and the area outlined by the SiO contours to the south of MM3 is embedded in the widespread “green” emission.
MDC1454. MDC1454 is in DR15, which is one of the most prominent star-forming regions in the southern Cygnus-X complex. Figure 13a presents the redshifted SiO (5−4) emission integrated from 11.6 to 47.6 km s−1. This redshifted outflow launches from MM5 and extends to the west, which is consistent with that of the CO (2−1) outflow in orientation. There is no SiO detection around the systematic velocity of 1.9 km s−1. In Fig. 13b, there is no 4.5 μm excess found associated with the SiO emission.
MDC1467. This MDC is located in the DR21(OH) filament, and a number of studies have focused on it (e.g., Schneider et al. 2010; Girart et al. 2013; Cao et al. 2022). In Fig. 14a, the redshifted SiO (5−4) emission (from −0.7 to 0.5 km s−1) appears to be closely surrounding MM16, and the blueshifted SiO (5−4) emission (from −20.9 to −6.2 km s−1) is detected immediately to the west of the redshifted lobe. It is difficult to identify whether the SiO emission comes from a single outflow or multiple outflows, and even more difficult to find the central sources of the outflow(s). We cannot determine the outflows from our CO observations either. Considering the identified outflows in Girart et al. (2013, arrows with dashed lines), the SiO emissions could come from a bipolar outflow centered at MM 16 and a blueshifted outflow centered at MM 17. The MM 17 unipolar outflow could be seen at −11.9 to −7.4 km s−1 in the channel maps (see Appendix A). For the MM 16 outflow, the blueshifted emission is detected to the southwest of this continuum source at −14.1 to −6.2 km s−1. The redshifted emission of this outflow is found surrounding MM 16, which is unusual for high-velocity outflow emission. Another interpretation (arrows with solid lines) for this outflow may offer some clues: the SiO (5−4) emission arises from a bipolar outflow centered at MM 17 and a blueshifted outflow centered at MM18. The emission surrounding MM16 could be well explained by a redshifted lobe of the MM 17 outflow. Pan et al. (2024) detected high-density molecular line emission surrounding MM 17 with a velocity gradient along the NE-SW direction, which is consistent with the direction of the MM 17 outflow axis in the latter interpretation, and we therefore favor this explanation. In Fig. 14b, “green” knots are detected at the fronts of the blueshifted outflows.
MDC1599. Figure 15a presents both blueshifted (from −9.7 to −6.7 km s−1) and redshifted (from −2.1 to 21.9 km s−1) SiO (5−4) emission. It is difficult to identify the original source in both cases. Considering the CO (2−1) observation, we tentatively identify one bipolar outflow generated from MM2 and one unipolar outflow arising from MM3. For the MM2 outflow, its blueshifted emission is detected between MM2 and MM3. The redshifted emission of this outflow is detected at −0.7 to 7.2 km s−1 (see Appendix A). The MM3 outflow is marginally detected with an elongated morphology to the northwest of this continuum source. In Fig. 15b, we find successive excess 4.5 μm emission associated with the SiO emission.
Overall, we identify 14 bipolar and 18 unipolar SiO (5−4) outflows associated with 29 central sources. All the central sources are identified from the 1.37 mm continuum maps.
Two bipolar SiO outflows share a joint central source, namely MDC507-MM3, and two unipolar outflows share a common central source, MDC341-MM1. We have not found a continuum source associated with the bipolar outflow in MDC699.
Although many lines (e.g., polycyclic aromatic hydrocarbons) could contribute to the IRAC 4.5 μm band emission, excess 4.5 μm emission reveals shocked H2 emission associated with outflows in many cases (Smith & Rosen 2005; Smith et al. 2006; De Buizer & Vacca 2010). Therefore, such IRAC composite images can be a useful diagnostic tool for shocked H2 emission in outflows (e.g., Noriega-Crespo et al. 2004; Raga et al. 2004; Qiu et al. 2008; Cyganowski et al. 2009; Xie & Qiu 2018). We find that 11 bipolar and 13 unipolar outflows are associated with excess 4.5 μm emission.
Table 1 
MDC sample for the SMA observations.

Table 2 
Physical properties of the SiO (5−4)-detected MDCs and observational parameters.

	[image: thumbnail]	Fig. 1 High-velocity (Δv ≥ 2.3 km s−1) SiO (5−4) emission and the Spitzer IRAC three-color map for MDC220. In each panel, a scale bar is presented at the bottom-right corner, (a) The integrated velocity ranges of the contours are presented at the top-right corner. The blue contour levels are (−3, 3, 6) × σ, with σ = 0.16 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9, 12, 15) × σ, with σ = 0.30 Jy beam−1 km s−1. The grayscale maps represent 1.37 mm continuum emissions. The CO blueshifted and redshifted outflows are indicated by solid blue and red arrows following Pan et al. (2024). The black and white crosses represent dust condensations identified by Cao et al. (2021). The green cross indicates the position of the protostar candidates identified in Kryukova et al. (2014). The synthesized beam is shown in the bottom-left corner. The green solid ellipses represent the full width at half maximum (FWHM) of the MDC220 obtained from Cao et al. (2021). (b) Spitzer three-color composite image with the 3.6, 4.5, and 8.0 μm emissions coded in blue, green, and red, respectively.



	[image: thumbnail]	Fig. 2 Same convention as Fig. 1 but for MDC248. The blue contour levels are (−3, 3, 6) × σ, with σ = 0.25 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.2 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu).



	[image: thumbnail]	Fig. 3 Same convention as Fig. 1 but for MDC310. The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 1.30 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9) × σ, with σ = 1.40 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross points out the position of the protostar candidates identified in Kryukova et al. (2014). The black arrow line presents the PV cut path.



	[image: thumbnail]	Fig. 4 Same convention as Fig. 1 but for MDC341. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 1.00 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9, 12, 15, 18) × σ, with σ = 1.00 Jy beam−1 km s−1. (a) The green cross points out the position of the protostar candidates identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 5 Same convention as Fig. 1 but for MDC351. The blue contour levels are (−3, 3, 6) × σ, with σ = 0.54 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.59 Jy beam−1 km s−1. (a) The green cross indicates the position of the protostar candidate identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 6 Same convention as Fig. 1 but for MDC507/753. (a, c) The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 0.48 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9) × σ, with σ = 0.29 Jy beam−1 km s−1. (b) The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 0.10 Jy beam−1 km s−1 . (a, b) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross shows the position of the protostar candidate identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 7 Same convention as Fig. 1 but for MDC509. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.92 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.97 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross shows the position of the protostar candidate identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 8 Same convention as Fig. 1 but for MDC684. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.88 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.78 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross shows the position of the protostar candidate identified in Kryukova et al. (2014). The black arrow line indicates the PV cut path.



	[image: thumbnail]	Fig. 9 Same convention as Fig. 1 but for MDC698. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.69 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.29 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross points out the position of the protostar candidate identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 10 Same convention as Fig. 1 but for MDC699. The blue contour levels are (−3, 3) × σ, with σ = 0.72 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.90 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. 11 Same convention as Fig. 1 but for MDC801. The red contour levels are (−3, 3, 6, 9) × σ, with σ = 0.45 Jy beam−1 km s−1. (a) The green cross points out the position of the protostar candidate identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 12 Same convention as Fig. 1 but for MDC1112. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.79 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9) × σ, with σ = 0.61 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. 13 Same convention as Fig. 1 but for MDC1454. The red contour levels are (−3, 3, 6) × σ, with σ = 1.20 Jy beam−1 km s−1. (a) The green cross shows the position of the protostar candidate identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 14 Same convention as Fig. 1 but for MDC1467. The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 1.25 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.84 Jy beam−1 km s−1. (a) The green cross indicates the position of the protostar candidate identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 15 Same convention as Fig. 1 but for MDC1599. The blue contour levels are (−3, 3) × σ, with σ = 0.42 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 1.80 Jy beam−1 km s−1. (a) The green cross points out the position of the protostar candidate identified in Kryukova et al. (2014).



	[image: thumbnail]	Fig. 16 PV diagram of the SiO bipolar outflows. The cut of the PV diagrams is along the SiO outflows that are indicated by the arrows in Figs. 3a and 8a. The names of the associated continuum sources and MDCs are displayed in each panel. The red and blue plus symbols mark the locations of the detected redshifted and blueshifted knots. The vertical and horizontal dashed fuchsia lines show the positions and systemic velocities of the continuum sources, respectively. The contour levels are (3 to 30 by 3 steps) × σ, with σ = 0.05 and 0.07 Jy beam−1, for MM1 in MDC310 and 684, respectively.



	[image: thumbnail]	Fig. 17 Averaged spectra of SiO 5−4 (orange) and CO 2−1 (blue) in the region outlined by the contours of the unidentified SiO emission in MDC351.



3.3 Low-velocity SiO components
We investigated the distribution of the SiO (5−4) emission close to the MDC systemic velocities (Δv ≤ one channel width of ~1.2 km s−1). Among the 16 SiO-detected MDCs, the low-velocity SiO emission is closely linked with the highvelocity emission in 13 MDCs, which suggests that these low-velocity components are largely dominated by outflows. For the remaining 3 MDCs, MDC1454 has no low-velocity SiO (5−4) detection, and MDC220 and MDC684 show relatively diffuse low-velocity SiO emission closely surrounding the continuum sources (see Fig. 18). Such low-velocity SiO emission could have various origins, and we explore some possibilities below.
One explanation is that the low-velocity SiO emission traces outflow shocks, which are largely decelerated due to the interaction with the surrounding quiescent gas. This scenario was first proposed by Codella et al. (1999), who estimated a deceleration timescale of ~104 yr, which is the same as the timescale for the depletion of gas-phase Si. The narrow line profile and relatively low intensity of SiO (5−4) are consistent with this hypothesis. To figure out whether this could be the case for our detection, we estimated CO outflow dynamical ages, finding 0.98 and 0.76 × 104 yr for MDC220-MM2 and MDC684-MM1, respectively. Considering the average gas density, which is of the order of 105 cm−3 (Cao et al. 2019), both MDCs fit this scenario.
Another possible explanation for these low-velocity SiO components was proposed by Jiménez-Serra et al. (2010), who suggest that the emission is generated from large-scale shocks during global cloud collapse. Nguyen-Lu’o’ng et al. (2013) mentioned that SiO could be efficiently formed by low-velocity shocks when there are some Si atoms in the gas phase or grain mantles. This explanation is accepted by Duarte-Cabral et al. (2014), who made PdBI SiO (2−1) observations toward six MDCs in Cygnus-X. These latter authors proposed a picture of evolutionary stages: at early stages, extended and low-velocity SiO emission would trace shocks from the global collapse of material onto the MDC. At later stages, the protostars are formed, and star formation becomes more active. The SiO emission is then dominated by outflows, and the weaker low-velocity SiO components may arise from the interaction between the last collapse of the MDC and the dense envelope of the protostar.
4 Discussion
4.1 Detection of the SiO (5−4) emission and its general nature
In our SMA observations, we detect SiO (5−4) toward 16 out of 48 MDCs. Of the 194 identified dust condensations in these 48 MDCs (Cao et al. 2021), 29 are regarded as SiO central sources. For the SiO (5−4) high-velocity components, we find 14 bipolar and 18 unipolar outflows. For the SiO (5−4) low-velocity components, most of them are detected arising from outflows, while the emission in MDC220 and MDC684 is unique. The low-velocity emission associated with MDC220-MM2 and MDC684-MM1 is found closely surrounding their central sources, both of which have a different morphology from the cone-shaped or jet-like morphology of the high-velocity outflows. Considering its low velocity, this emission could have a different origin from the outflows (discussed in Sect. 3.3). In addition, because large-scale and dispersed emission is filtered out in our interferometric observations, there could be more low-velocity emission in our target regions.
Based on our observations of SiO (5−4) and CO emission (our CO (2−1) and CO (3−2) observations toward MDC699 in Skretas & Kristensen 2022), we identify 14 bipolar and 18 unipolar SiO outflows. However, the central sources of five unipolar SiO outflows, namely MDC507-MM5, MDC509-MM1, MDC698-MM1, MDC1454-MM5, and MDC1467-MM17/MM18, are found to generate CO bipolar outflows. Furthermore, we find no SiO emission associated with the central sources of seven CO outflows. The morphology of the SiO outflows in MDC310-MM1, MDC341-MM1, and MDC684-MM1 is highly consistent with that of the CO outflows. However, in MDC248, MDC698, and MDC1599, only patches of SiO emission are found along the CO outflows. In particular, compact SiO emission is detected toward MDC220-MM1, MDC351-MM2, MDC801-MM1, and MDC1599-MM2 with the emission peaks immediately around the central sources. The differences in morphology between the SiO and CO outflows could be attributable to the following factors: (i) SiO (5−4) has a higher critical density (~2.5 × 106 cm−3) and a higher excitation temperature (Eu = 31.26 K) than CO (2−1), which suggests that SiO (5−4) can only be detected in the shocked regions with relatively high density and high temperature. Also, SiO (5−4) is more likely to arise from the dense material surrounding the central sources, which could provide an explanation for the compact SiO emission found immediately around the continuum sources. (ii) The SiO models of Gusdorf et al. (2008b,a) show that a lower initial percentage of silicon in grain mantles or shocks with lower velocities could lead to fewer Si atoms released into the gas phase, which would make the SiO (5−4) intensities too low to be detected by the SMA observation.
4.2 SiO outflow parameters
With the assumption of optically thin thermal SiO (5−4) line emission in local thermodynamic equilibrium (LTE) and the SiO (5−4) line excitation temperature of 30 K, we can estimate the SiO (5−4) column density (Ntot) and outflow mass (Mout) (Goldsmith & Langer 1999):
[image: equation](1)
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[image: equation](3)
where Nu is the upper state column density of SiO (5−4), Aul is the Einstein transition probability coefficient, Sν/Ω is the SiO intensity at frequency ν, dv is the velocity interval in km s−1, Tex is the line excitation temperature, Q(Tex) is the partition function, gu is the degeneracy of the upper state, Eu is the upper level energy, μg = 1.36 is the mean atomic weight, [image: equation] is the mass of hydrogen molecule, and d is the source distance of 1.4 kpc. The abundance of SiO varies by several orders of magnitude within a range of 10−12−10−7 (Ziurys et al. 1989; Garay et al. 1998; Codella et al. 2005; Nisini et al. 2007; Sanhueza et al. 2012; Lu et al. 2021) and it may decrease with time because of decaying jet activity (López-Sepulcre et al. 2010; Sánchez-Monge et al. 2013). Of the 16 SiO-detected MDCs, 12 are identified as infrared-quiet MDCs based on the 24 μm flux in Wang et al. (2022), and we adopt a [SiO]/[H2] ratio of 10−8, which is a typical value for mid-infrared-dark sources in Sánchez-Monge et al. (2013). We then compute the outflow momentum (Pout) and energy (Eout):
[image: equation](4)
[image: equation](5)
where Δν is the outflow velocity relative to vlsr. Using the projected distance (dmax) from the SiO outflow to the central source, we derive the outflow dynamical timescale (tdyn), mass-outflow rate (Ṁout), outflow luminosity (Lout), and mechanical force (Fout):
[image: equation](6)
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Here, vmax is the maximum SiO velocity relative to vlsr. These results are shown in Table 3 and Fig. 19. For the overlapping areas of SiO (5−4) emission generated from different central sources, we only estimate their SiO column densities, outflow masses, momentums, and energies here.
The derived outflow masses range from 0.05 to 18.3 M⊙. The outflow dynamical timescales, mass-outflow rates, mechanical force, and outflow luminosity have medians of 3720 yr, 1.69 × 10−4 M⊙ yr−1, 1.02 × 10−3 M⊙ km s−1 yr−1, and 3.49 × 1032 erg s−1, respectively.
	[image: thumbnail]	Fig. 18 Low-velocity (Δν ≤ 1.2 km s−1 ) SiO (5−4) emission for MDC220 (left) and MDC684 (right). The integrated velocity ranges of the contours are presented at the top-right corner. The black contour levels are (−3, 3, 6, 9) × σ, with σ = 0.13 Jy beam−1 km s−1, for both MDCs. The black and white crosses represent dust condensations identified by Cao et al. (2021). The grayscale maps represent 1.37 mm continuum emission. The scale bar is presented in the bottom-right corner. The synthesized beam is shown in the bottom-left corner.



4.3 SiO mass-velocity diagrams of the outflows
The mass-velocity diagram of molecular outflows often shows a power-law relation, M(v) ∝ ν−γ, which can serve as a diagnostic tool for the interaction between outflows and their ambient gas, although its physical origin is not well established (Chandler et al. 1996; Lada & Fich 1996; Richer et al. 2000; Ridge & Moore 2001; Su et al. 2004; Arce et al. 2007; Qiu et al. 2007, 2011; Qiu & Zhang 2009). The slope often changes at a velocity of between 6 and 12 km s−1 and becomes steeper at higher velocities (Arce et al. 2007). The break velocity falls in a broader range of 4 to ~20 km s−1 in Li et al. (2018), and a weak, young outflow or a large inclination angle could contribute to a low break velocity.
Figure 20 presents the mass-velocity diagrams of the only two isolated SiO (5−4) bipolar outflows, and the outflow masses are calculated in each velocity channel. These two SiO bipolar outflows are associated with MM1 in MDC310 and MM1 in MDC684. For the mass-velocity diagram of the bipolar outflow centered at MM1 in MDC310 (Fig. 20a), both lobes can be fitted with a broken power law, with γ steepening from 0.50 to 5.03 at 31.5 km s−1 for the blueshifted lobe and from 0.26 to 3.97 at 21.9 km s−1 for the redshifted lobe. For the mass-velocity diagram of the bipolar outflow related to MM1 in MDC684 (Fig. 20b), a broken power law can also be fitted for both lobes and γ steepens from 0.25 to 2.91 at 13.2 km s−1 for the blueshifted lobe and from 0.31 to 9.55 at 11.0 km s−1 for the redshifted lobe.
The fitted γs at low velocities are consistent with the fitting values of the SiO outflows in Liu et al. (2017), but are flatter than γ values fitted from CO outflows (Chandler et al. 1996; Lada & Fich 1996; Ridge & Moore 2001; Qiu et al. 2007; Qiu & Zhang 2009; Xie & Qiu 2018; Zhang et al. 2019). These latter values often range from 1 to 3. Simulations of molecular outflows in Downes & Cabrit (2003) and Keegan & Downes (2005) suggest that the mass-spectrum slope is flatter at a younger age. Considering the estimated SiO outflow dynamical ages of 1.75 and 1.12 × 103 yr for blueshifted and redshifted lobes of the MDC310-MM1 outflow, and 2.50 and 1.51 × 103 yr for blueshifted and redshifted lobes of the MDC684-MM1 outflow, the flatter γ values at low velocities appear to be mainly attributable to the young ages of the SiO outflows. In addition, the SiO emission can be moderately optically thick for the velocity range of Δv ≤ 10 km s−1, and our assumption of optically thin SiO emission in LTE will underestimate the SiO outflow mass at low velocities, which will make the power-law index smaller.
Table 3 
Estimated physical parameters of identified SiO outflows.

	[image: thumbnail]	Fig. 19 Distributions of SiO outflow parameters. Panels a–i show the distributions of SiO outflow mass (Mout), outflow momentum (Pout), outflow energy (Eout), maximum projected distance (dmax), maximum velocity (vmax), outflow dynamical timescale (tdyn), mass-outflow rate (Ṁout), mechanical force (Fout), and outflow luminosity (Lout), respectively. The black dashed lines indicate the median value of each parameter.



4.4 Properties of the SiO outflow central sources
4.4.1 Associated radio continuum emissions
Wang et al. (2022) made a comprehensive survey of the radio continuum emissions in MDCs in the Cygnus-X complex. All the central sources of the 32 SiO outflows identified here are covered in the radio continuum survey, and we find that 16 outflow sources are associated with the radio continuum emission (see Fig. 21 and Table 4). For 12 SiO (5−4) outflows, radio continuum emissions are found at their central sources. For the MDC509-MM1 unipolar outflow and the MDC507-MM3 bipolar outflow, the radio emissions both arise from the central sources and extend along the same orientations as those of the redshifted lobes. For two outflows, we detect compact radio emissions very close to the central sources of the outflows, and the emissions overlaps with the blueshifted lobe of the MDC509-MM7 unipolar outflow and the redshifted lobe of the MDC684-MM1 bipolar outflow. For the radio continuum emission detected at the central sources of the SiO outflows, we believe only the emission associated with MDC1112-MM2/MM3 to be arising from an H II region, and the radio emission in other sources is most likely attributed to ionized radio jets or winds (Wang et al. 2022).
The radio continuum detection could be an indicator of the evolutionary stage of the outflow central sources (Bouvier et al. 2021). At an early evolutionary stage, there is no radio emission associated with sources; as sources evolve, their associated radio emission originates from ionized jets or winds; sources with radio emission from H II regions are at a relatively late evolutionary stage.
	[image: thumbnail]	Fig. 20 Mass-velocity relation of the SiO (5−4) outflow associated with MM1 in MDC310 (a) and MM1 in MDC684 (b), calculated from the SMA data for the gas mass in each channel, with each channel being 1.12 km s−1 in width. The blue plus symbol denotes the measurement for the blueshifted lobe, and the red plus symbol indicates that for the redshifted lobe. Solid blue and red lines indicate broken power-law fittings to the blueshifted and redshifted lobes, respectively.



Table 4 
Properties of SiO (5−4) central sources.

	[image: thumbnail]	Fig. 21 SiO emission versus radio emission associated with 15 continuum sources. The red and blue contours are the redshifted and blueshifted SiO (5–4) components with the same levels in Figs. 1–15. The red crosses represent the positions and spatial scales of radio emissions. The grayscale maps represent 1.37 mm continuum emissions. The black and white crosses represent dust condensations identified by Cao et al. (2021). The MDC ID is marked in the top-left corner. The scale bar is presented at the bottom-right corner.



4.4.2 Evolution of the central sources
Zhang et al. (2024) performed VLA NH3 (J, K) = (1,1) and (2,2) inversion line observations of the MDCs in Cygnus-X, and 15 SiO outflow central sources are covered here. The NH3 lines are sensitive to temperatures of up to ~30 K, and the temperatures derived from them for the 15 SiO outflow central sources studied here are listed in Table 4. Temperature could be a tracer of evolutionary stage, where a lower temperature represents an earlier evolutionary stage.
We can also investigated the evolutionary stages of the SiO central sources by studying their infrared environments. We obtained the datasets in the archive, including Spitzer 3.6, 4.5, 8.0, and 24 μm and Herschel 70, 160, 250, 350, and 500 μm maps. For each source, we checked the infrared detection at the position and boundary identified by Cao et al. (2021) to determine whether or not there is a counterpart. The infrared images for each MDC at wavelengths of 3.6, 4.5, 5.8, 8.0, and 24 μm are presented in Appendix B. Because of the poor spatial resolution (5.2″ at 70 μm, 12.0″ at 160 μm, 17.6″ at 250 μm, 23.9″ at 350 μm, and 35.2″ at 500 μm), we have not presented the infrared images with a wavelength larger than 70 μm. The detection at Spitzer 3.6, 5.8, 8.0, and 24 μm for the 29 SiO-central sources is summarized in Table 4.
Based on the infrared (3.6–24 μm) environments, the 29 SiO central sources can be divided into three groups: (1) fourteen sources are undetected in all infrared wavelengths, which suggests that they are at a relatively early evolutionary stage. Four sources are detected with radio emissions, while ten sources are not. In addition, eight of these sources have ammonia observations with an average [image: equation] of 22.3 K. (2) Five sources are detected at 24 μm but are dark or partly bright at other shorter wavelengths, indicating they are at a later evolutionary stage. Three of them are detected with radio emission. Also, two of these sources with ammonia observations have an average [image: equation] of 26.5 K. (3) The remaining ten sources are seen at 3.6–24 μm and are expected to be at the latest evolutionary stage. Most of them (8 out of 10) have been detected with radio emissions. Furthermore, five sources with [image: equation] have an average value of 28.9 K. Overall, although the ammonia kinetic temperature is not available for each source, the temperature increases as the star-forming region evolves. This is roughly consistent with the proposed picture of the evolutionary stages in Sect. 4.4.1. The 24 μm luminosity is an indicator of the mass of the central sources; Cao et al. (2019) and Wang et al. (2022) classified MDCs in Cygnus-X based on the 24 μm luminosity. We show the distribution of the 24 μm luminosity at the condensation scale of ~0.01 pc between the SiO-central sources in Group(2) and Group(3) in Fig. 22. The Group(2) sources have a lower 24 μm luminosity median value (~0.03 Jy kpc2) than that of the Group(3) sources (~0.2 Jy kpc2), which indicates that the 24 μm luminosity, as well as the mass of the central condensation, appears to increase with the possible evolutionary stages.
The opening angle of CO outflows has been found to increase as the powering source evolves within high-mass star-forming regions (e.g., Beuther & Shepherd 2005; Arce et al. 2007; Qiu et al. 2019). In our study, we find that among the 11 outflows powered by Group(3) sources, 8 exhibit a wide-angle morphology, as exemplified by the MDC341-MM1 outflows. Conversely, 9 out of the 15 outflows associated with Group(1) sources tend to display narrower opening angles, as seen in the MDC220-MM1 blueshifted outflow and the MDC1599-MM3 outflow. Consequently, similar to CO outflows, our SiO outflows also present an enlargement of their opening angles as the central sources grow.
	[image: thumbnail]	Fig. 22 Distribution of the 24 μm luminosity between the SiO-central sources in Group(2) and Group(3).



5 Summary
As a part of the CENSUS project, we conducted a SiO (5−4) survey toward a sample of 48 MDCs in Cygnus-X with the SMA. Our results can be summarized as follows:

	1. We detect SiO (5−4) emission in 16 out of 48 MDCs. We identify 14 bipolar and 18 unipolar SiO outflows with 29 central sources. Two bipolar SiO outflows share a common central source, two unipolar outflows have a joint central source, and there is no 1.37 continuum source associated with the bipolar outflow in MDC699. In the Spitzer three-color maps, 11 bipolar and 13 unipolar outflows have shock-related excess 4.5 μm emission.


	2. We find diffuse low-velocity (Δν ≤ 1.2 km s−1) SiO (5−4) emission surrounding the continuum sources in MDC220 and MDC684, both of which have a different morphology from that of the high-velocity outflows. Further observations with higher velocity resolutions and higher sensitivities are needed to confirm whether this emission originates from decelerated outflow shocks or large-scale shocks induced by global cloud collapse.


	3. With the assumption of the optically thin SiO (5−4) line in LTE and the SiO abundance (1 × 10−8), we estimate the SiO column densities and different outflow parameters.


	4. For all blueshifted and redshifted lobes of two SiO (5−4) bipolar outflows centered at MDC310-MM1 and MDC684-MM1, the outflow mass-velocity relation can be fitted with a broken power law with the indices steepening at higher velocities.


	5. Radio continuum emission is found associated with 16 outflow-powering sources. The radio emission associated with MDC1112-MM2 and MM3 bipolar outflows is generated from H Ii region(s); the other areas of emission are likely to be ionized jets or winds. Based on the infrared environments (Spitzer 3.6, 5.8, 8.0, and 24 μm), we divide the 29 SiO central sources into three possible evolutionary stages. The average [image: equation] and 24 μm luminosity levels appear to increase with advancing evolutionary phase.
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Appendix A  SiO (5−4) channel maps
In this section, we present channel maps of all the detected MDCs with SMA observations in Figure A.1–A.15.
	[image: thumbnail]	Fig. A.1 Channel maps of the SiO (5−4) emission overlaid on the 1.37 mm continuum emission for MDC220. Solid contours represent emission starting at and continuing in steps of ± 3σ, where σ = 0.055 Jy beam−1 km s−1. The black and white crosses represent dust condensations identified by Cao et al. (2021). The velocity of each panel is given in the upper left corner. The synthesized beam is shown in the bottom-left corner.



	[image: thumbnail]	Fig. A.2 Same convention as Figure A.1 but for MDC248, with σ = 0.065 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.3 Same convention as Figure A.1 but for MDC310, with σ = 0.040 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.4 Same convention as Figure A.1 but for MDC341, with σ = 0.050 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.5 Same convention as Figure A.1 but for MDC351, with σ = 0.080 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.6 Same convention as Figure A.1 but for MDC507/753, with σ = 0.055 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.7 Same convention as Figure A.1 but for MDC509, with σ = 0.095 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.8 Same convention as Figure A.1 but for MDC684, with σ = 0.055 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.9 Same convention as Figure A.1 but for MDC698, with σ = 0.060 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.10 Same convention as Figure A.1 but for MDC699, with σ = 0.140 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.11 Same convention as Figure A.1 but for MDC801, with σ = 0.055 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.12 Same convention as Figure A.1 but for MDC1112, with σ = 0.070 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.13 Same convention as Figure A.1 but for MDC1454, with σ = 0.100 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.14 Same convention as Figure A.1 but for MDC1467, with σ = 0.160 Jy beam−1 km s−1.



	[image: thumbnail]	Fig. A.15 Same convention as Figure A.1 but for MDC1599, with σ = 0.160 Jy beam−1 km s−1.




Appendix B  Infrared environments
In this section, we present the infrared images for each MDC at wavelengths of 3.6, 4.5, 5.8, 8.0, and 24 μm.
	[image: thumbnail]	Fig. B.1 Infrared images of the SiO (5−4)-detected MDCs. From top to bottom, we present the images of Spitzer 3.6/4.5/5.8/8.0/24 μm and from left to right the images are in the region of different MDCs. The red and blue contours are the redshifted and blueshifted SiO (5−4) components with the same levels in Figure 1–15. The red crosses are the positions of identified 1.37 mm continuum sources. The wavelength is marked in the top-right corner. The scale bar is presented in the bottom-right corner.
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All Figures
	[image: thumbnail]	Fig. 1 High-velocity (Δv ≥ 2.3 km s−1) SiO (5−4) emission and the Spitzer IRAC three-color map for MDC220. In each panel, a scale bar is presented at the bottom-right corner, (a) The integrated velocity ranges of the contours are presented at the top-right corner. The blue contour levels are (−3, 3, 6) × σ, with σ = 0.16 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9, 12, 15) × σ, with σ = 0.30 Jy beam−1 km s−1. The grayscale maps represent 1.37 mm continuum emissions. The CO blueshifted and redshifted outflows are indicated by solid blue and red arrows following Pan et al. (2024). The black and white crosses represent dust condensations identified by Cao et al. (2021). The green cross indicates the position of the protostar candidates identified in Kryukova et al. (2014). The synthesized beam is shown in the bottom-left corner. The green solid ellipses represent the full width at half maximum (FWHM) of the MDC220 obtained from Cao et al. (2021). (b) Spitzer three-color composite image with the 3.6, 4.5, and 8.0 μm emissions coded in blue, green, and red, respectively.
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	[image: thumbnail]	Fig. 2 Same convention as Fig. 1 but for MDC248. The blue contour levels are (−3, 3, 6) × σ, with σ = 0.25 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.2 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu).
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	[image: thumbnail]	Fig. 3 Same convention as Fig. 1 but for MDC310. The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 1.30 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9) × σ, with σ = 1.40 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross points out the position of the protostar candidates identified in Kryukova et al. (2014). The black arrow line presents the PV cut path.
In the text



	[image: thumbnail]	Fig. 4 Same convention as Fig. 1 but for MDC341. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 1.00 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9, 12, 15, 18) × σ, with σ = 1.00 Jy beam−1 km s−1. (a) The green cross points out the position of the protostar candidates identified in Kryukova et al. (2014).
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	[image: thumbnail]	Fig. 5 Same convention as Fig. 1 but for MDC351. The blue contour levels are (−3, 3, 6) × σ, with σ = 0.54 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.59 Jy beam−1 km s−1. (a) The green cross indicates the position of the protostar candidate identified in Kryukova et al. (2014).
In the text



	[image: thumbnail]	Fig. 6 Same convention as Fig. 1 but for MDC507/753. (a, c) The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 0.48 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9) × σ, with σ = 0.29 Jy beam−1 km s−1. (b) The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 0.10 Jy beam−1 km s−1 . (a, b) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross shows the position of the protostar candidate identified in Kryukova et al. (2014).
In the text



	[image: thumbnail]	Fig. 7 Same convention as Fig. 1 but for MDC509. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.92 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.97 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross shows the position of the protostar candidate identified in Kryukova et al. (2014).
In the text



	[image: thumbnail]	Fig. 8 Same convention as Fig. 1 but for MDC684. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.88 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.78 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross shows the position of the protostar candidate identified in Kryukova et al. (2014). The black arrow line indicates the PV cut path.
In the text



	[image: thumbnail]	Fig. 9 Same convention as Fig. 1 but for MDC698. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.69 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.29 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross points out the position of the protostar candidate identified in Kryukova et al. (2014).
In the text



	[image: thumbnail]	Fig. 10 Same convention as Fig. 1 but for MDC699. The blue contour levels are (−3, 3) × σ, with σ = 0.72 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.90 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. 11 Same convention as Fig. 1 but for MDC801. The red contour levels are (−3, 3, 6, 9) × σ, with σ = 0.45 Jy beam−1 km s−1. (a) The green cross points out the position of the protostar candidate identified in Kryukova et al. (2014).
In the text



	[image: thumbnail]	Fig. 12 Same convention as Fig. 1 but for MDC1112. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.79 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9) × σ, with σ = 0.61 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. 13 Same convention as Fig. 1 but for MDC1454. The red contour levels are (−3, 3, 6) × σ, with σ = 1.20 Jy beam−1 km s−1. (a) The green cross shows the position of the protostar candidate identified in Kryukova et al. (2014).
In the text



	[image: thumbnail]	Fig. 14 Same convention as Fig. 1 but for MDC1467. The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 1.25 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.84 Jy beam−1 km s−1. (a) The green cross indicates the position of the protostar candidate identified in Kryukova et al. (2014).
In the text



	[image: thumbnail]	Fig. 15 Same convention as Fig. 1 but for MDC1599. The blue contour levels are (−3, 3) × σ, with σ = 0.42 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 1.80 Jy beam−1 km s−1. (a) The green cross points out the position of the protostar candidate identified in Kryukova et al. (2014).
In the text



	[image: thumbnail]	Fig. 16 PV diagram of the SiO bipolar outflows. The cut of the PV diagrams is along the SiO outflows that are indicated by the arrows in Figs. 3a and 8a. The names of the associated continuum sources and MDCs are displayed in each panel. The red and blue plus symbols mark the locations of the detected redshifted and blueshifted knots. The vertical and horizontal dashed fuchsia lines show the positions and systemic velocities of the continuum sources, respectively. The contour levels are (3 to 30 by 3 steps) × σ, with σ = 0.05 and 0.07 Jy beam−1, for MM1 in MDC310 and 684, respectively.
In the text



	[image: thumbnail]	Fig. 17 Averaged spectra of SiO 5−4 (orange) and CO 2−1 (blue) in the region outlined by the contours of the unidentified SiO emission in MDC351.
In the text



	[image: thumbnail]	Fig. 18 Low-velocity (Δν ≤ 1.2 km s−1 ) SiO (5−4) emission for MDC220 (left) and MDC684 (right). The integrated velocity ranges of the contours are presented at the top-right corner. The black contour levels are (−3, 3, 6, 9) × σ, with σ = 0.13 Jy beam−1 km s−1, for both MDCs. The black and white crosses represent dust condensations identified by Cao et al. (2021). The grayscale maps represent 1.37 mm continuum emission. The scale bar is presented in the bottom-right corner. The synthesized beam is shown in the bottom-left corner.
In the text



	[image: thumbnail]	Fig. 19 Distributions of SiO outflow parameters. Panels a–i show the distributions of SiO outflow mass (Mout), outflow momentum (Pout), outflow energy (Eout), maximum projected distance (dmax), maximum velocity (vmax), outflow dynamical timescale (tdyn), mass-outflow rate (Ṁout), mechanical force (Fout), and outflow luminosity (Lout), respectively. The black dashed lines indicate the median value of each parameter.
In the text



	[image: thumbnail]	Fig. 20 Mass-velocity relation of the SiO (5−4) outflow associated with MM1 in MDC310 (a) and MM1 in MDC684 (b), calculated from the SMA data for the gas mass in each channel, with each channel being 1.12 km s−1 in width. The blue plus symbol denotes the measurement for the blueshifted lobe, and the red plus symbol indicates that for the redshifted lobe. Solid blue and red lines indicate broken power-law fittings to the blueshifted and redshifted lobes, respectively.
In the text



	[image: thumbnail]	Fig. 21 SiO emission versus radio emission associated with 15 continuum sources. The red and blue contours are the redshifted and blueshifted SiO (5–4) components with the same levels in Figs. 1–15. The red crosses represent the positions and spatial scales of radio emissions. The grayscale maps represent 1.37 mm continuum emissions. The black and white crosses represent dust condensations identified by Cao et al. (2021). The MDC ID is marked in the top-left corner. The scale bar is presented at the bottom-right corner.
In the text



	[image: thumbnail]	Fig. 22 Distribution of the 24 μm luminosity between the SiO-central sources in Group(2) and Group(3).
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	[image: thumbnail]	Fig. A.1 Channel maps of the SiO (5−4) emission overlaid on the 1.37 mm continuum emission for MDC220. Solid contours represent emission starting at and continuing in steps of ± 3σ, where σ = 0.055 Jy beam−1 km s−1. The black and white crosses represent dust condensations identified by Cao et al. (2021). The velocity of each panel is given in the upper left corner. The synthesized beam is shown in the bottom-left corner.
In the text



	[image: thumbnail]	Fig. A.2 Same convention as Figure A.1 but for MDC248, with σ = 0.065 Jy beam−1 km s−1.
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	[image: thumbnail]	Fig. A.3 Same convention as Figure A.1 but for MDC310, with σ = 0.040 Jy beam−1 km s−1.
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	[image: thumbnail]	Fig. A.4 Same convention as Figure A.1 but for MDC341, with σ = 0.050 Jy beam−1 km s−1.
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	[image: thumbnail]	Fig. A.5 Same convention as Figure A.1 but for MDC351, with σ = 0.080 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. A.6 Same convention as Figure A.1 but for MDC507/753, with σ = 0.055 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. A.7 Same convention as Figure A.1 but for MDC509, with σ = 0.095 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. A.8 Same convention as Figure A.1 but for MDC684, with σ = 0.055 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. A.9 Same convention as Figure A.1 but for MDC698, with σ = 0.060 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. A.10 Same convention as Figure A.1 but for MDC699, with σ = 0.140 Jy beam−1 km s−1.
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	[image: thumbnail]	Fig. A.11 Same convention as Figure A.1 but for MDC801, with σ = 0.055 Jy beam−1 km s−1.
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	[image: thumbnail]	Fig. A.12 Same convention as Figure A.1 but for MDC1112, with σ = 0.070 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. A.13 Same convention as Figure A.1 but for MDC1454, with σ = 0.100 Jy beam−1 km s−1.
In the text



	[image: thumbnail]	Fig. A.14 Same convention as Figure A.1 but for MDC1467, with σ = 0.160 Jy beam−1 km s−1.
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	[image: thumbnail]	Fig. A.15 Same convention as Figure A.1 but for MDC1599, with σ = 0.160 Jy beam−1 km s−1.
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	[image: thumbnail]	Fig. B.1 Infrared images of the SiO (5−4)-detected MDCs. From top to bottom, we present the images of Spitzer 3.6/4.5/5.8/8.0/24 μm and from left to right the images are in the region of different MDCs. The red and blue contours are the redshifted and blueshifted SiO (5−4) components with the same levels in Figure 1–15. The red crosses are the positions of identified 1.37 mm continuum sources. The wavelength is marked in the top-right corner. The scale bar is presented in the bottom-right corner.
In the text
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        Same convention as Fig. 1 but for MDC310. The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 1.30 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9) × σ, with σ = 1.40 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross points out the position of the protostar candidates identified in Kryukova et al. (2014). The black arrow line presents the PV cut path.
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        Same convention as Fig. 1 but for MDC351. The blue contour levels are (−3, 3, 6) × σ, with σ = 0.54 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.59 Jy beam−1 km s−1. (a) The green cross indicates the position of the protostar candidate identified in Kryukova et al. (2014).
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        Same convention as Fig. 1 but for MDC509. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.92 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.97 Jy beam−1 km s−1. (a) The cyan crosses represent water maser spots obtained from the JVLA program 17A-107 (PI: Keping Qiu) and the green cross shows the position of the protostar candidate identified in Kryukova et al. (2014).
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        Same convention as Fig. 1 but for MDC699. The blue contour levels are (−3, 3) × σ, with σ = 0.72 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.90 Jy beam−1 km s−1.
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        Same convention as Fig. 1 but for MDC801. The red contour levels are (−3, 3, 6, 9) × σ, with σ = 0.45 Jy beam−1 km s−1. (a) The green cross points out the position of the protostar candidate identified in Kryukova et al. (2014).
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        Same convention as Fig. 1 but for MDC1112. The blue contour levels are (−3, 3, 6, 9, 12) × σ, with σ = 0.79 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6, 9) × σ, with σ = 0.61 Jy beam−1 km s−1.
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        Same convention as Fig. 1 but for MDC1454. The red contour levels are (−3, 3, 6) × σ, with σ = 1.20 Jy beam−1 km s−1. (a) The green cross shows the position of the protostar candidate identified in Kryukova et al. (2014).
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        Same convention as Fig. 1 but for MDC1467. The blue contour levels are (−3, 3, 6, 9) × σ, with σ = 1.25 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 0.84 Jy beam−1 km s−1. (a) The green cross indicates the position of the protostar candidate identified in Kryukova et al. (2014).
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        Same convention as Fig. 1 but for MDC1599. The blue contour levels are (−3, 3) × σ, with σ = 0.42 Jy beam−1 km s−1, and the red contour levels are (−3, 3, 6) × σ, with σ = 1.80 Jy beam−1 km s−1. (a) The green cross points out the position of the protostar candidate identified in Kryukova et al. (2014).
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        PV diagram of the SiO bipolar outflows. The cut of the PV diagrams is along the SiO outflows that are indicated by the arrows in Figs. 3a and 8a. The names of the associated continuum sources and MDCs are displayed in each panel. The red and blue plus symbols mark the locations of the detected redshifted and blueshifted knots. The vertical and horizontal dashed fuchsia lines show the positions and systemic velocities of the continuum sources, respectively. The contour levels are (3 to 30 by 3 steps) × σ, with σ = 0.05 and 0.07 Jy beam−1, for MM1 in MDC310 and 684, respectively.

      

    

  
    
      Fig. 20 
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        Mass-velocity relation of the SiO (5−4) outflow associated with MM1 in MDC310 (a) and MM1 in MDC684 (b), calculated from the SMA data for the gas mass in each channel, with each channel being 1.12 km s−1 in width. The blue plus symbol denotes the measurement for the blueshifted lobe, and the red plus symbol indicates that for the redshifted lobe. Solid blue and red lines indicate broken power-law fittings to the blueshifted and redshifted lobes, respectively.

      

    

  
    
      Fig. A.1 
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        Channel maps of the SiO (5−4) emission overlaid on the 1.37 mm continuum emission for MDC220. Solid contours represent emission starting at and continuing in steps of ± 3σ, where σ = 0.055 Jy beam−1 km s−1. The black and white crosses represent dust condensations identified by Cao et al. (2021). The velocity of each panel is given in the upper left corner. The synthesized beam is shown in the bottom-left corner.

      

    

  
    
      Fig. A.2 
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        Same convention as Figure A.1 but for MDC248, with σ = 0.065 Jy beam−1 km s−1.

      

    

  
    
      Fig. A.3 
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        Same convention as Figure A.1 but for MDC310, with σ = 0.040 Jy beam−1 km s−1.

      

    

  
    
      Fig. A.5 
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        Same convention as Figure A.1 but for MDC351, with σ = 0.080 Jy beam−1 km s−1.

      

    

  
    
      Fig. A.8 
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        Same convention as Figure A.1 but for MDC684, with σ = 0.055 Jy beam−1 km s−1.

      

    

  
    
      Fig. A.11 
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        Same convention as Figure A.1 but for MDC801, with σ = 0.055 Jy beam−1 km s−1.

      

    

  
    
      Fig. A.14 
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        Same convention as Figure A.1 but for MDC1467, with σ = 0.160 Jy beam−1 km s−1.

      

    

  
    
      Fig. B.1 
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        Infrared images of the SiO (5−4)-detected MDCs. From top to bottom, we present the images of Spitzer 3.6/4.5/5.8/8.0/24 μm and from left to right the images are in the region of different MDCs. The red and blue contours are the redshifted and blueshifted SiO (5−4) components with the same levels in Figure 1–15. The red crosses are the positions of identified 1.37 mm continuum sources. The wavelength is marked in the top-right corner. The scale bar is presented in the bottom-right corner.
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