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Abstract

Context. While star formation on large molecular cloud scales and on small core and disk scales has been investigated intensely over the past decades, the connection of the large-scale interstellar material with the densest small-scale cores has been a largely neglected field.

Aims. We wish to understand how the gas is fed from clouds down to cores. This covers dynamical accretion flows as well as the physical and chemical gas properties over a broad range of spatial scales.

Methods. Using the IRAM facilities NOEMA and the IRAM 30 m telescope, we mapped large areas (640 arcmin2) of the archetypical star formation complex Cygnus X at 3.6 mm wavelengths in line and continuum emission. The data were combined and imaged together to cover all accessible spatial scales.

Results. The scope and outline of The Cygnus Allscale Survey of Chemistry and Dynamical Environments (CASCADE) as part of the Max Planck IRAM Observatory Program (MIOP) is presented. We then focus on the first observed subregion in Cygnus X, namely the DR20 star formation site, which comprises sources in a range of evolutionary stages from cold pristine gas clumps to more evolved ultracompact Hii regions. The data covering cloud to cores scales at a linear spatial resolution of <5000 au reveal several kinematic cloud components that may be part of several large-scale flows around the central cores. The temperature structure of the region is investigated by means of the HCN/HNC intensity ratio and compared to dust-derived temperatures. We find that the deuterated DCO+ emission is almost exclusively located toward regions at low temperatures below 20 K. Investigating the slopes of spatial power spectra of dense gas tracer intensity distributions (HCO+, H13CO+, and N2H+), we find comparatively flat slopes between −2.9 and −2.6, consistent with high Mach numbers and/or active star formation in DR20.

Conclusions. This MIOP large program on star formation in Cygnus X provides unique new data connecting cloud with core scales. The analysis of the DR20 data presented here highlights the potential of this program to investigate in detail the different physical and chemical aspects and their interrelations from the scale of the natal molecular cloud down to the scale of accretion onto the individual protostellar cores.
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★ The data are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/665/A63



1 Introduction
Cloud and star formation are hierarchical processes in which gas is transported from cloud scales of tens to hundreds of parsec down to sub-au scales of the inner accretion region. While the gas and dust distributions on large scales can be studied efficiently via (sub)millimeter and radio wavelength Galactic plane surveys such as the APEX Telescope Large Area Survey of the Galaxy (ATLASGAL; Schuller et al. 2009) or the Herschel infrared Galactic Plane Survey (HIGAL; Molinari et al. 2016a), the Galactic Ring Survey (GRS; Jackson et al. 2006), the HI/OH/Recombination line survey of the Milky Way (THOR; Beuther et al. 2016; Wang et al. 2020), the Global view on Star formation in the Milky Way (GLOSTAR; Brunthaler et al. 2021) and many others, the small-scale structures are more typically addressed by millimeter (mm) interferometric studies of individual target regions. However, the connection of the content of whole clouds with the smallest-scale structures has been a neglected field of research. The main reason is that single-dish instruments do not resolve the relevant core scales, and mm interferometers did not allow efficient mapping of large areas on the sky so far. On their own, they cannot image extended structures.
A complete picture of cloud structure and star formation can be attained by combining the capabilities of the upgraded Northern Extended Millimeter Array (NOEMA) with the IRAM 30 m telescope to trace all spatial scales. This combination allows sensitive large-scale mapping of a whole spatial resolution with a broad spectral bandpass, sensitively tracing the continuum emission and a plethora of important spectral lines. Therefore, we have set up the large Max Planck IRAM Observing Program (MIOP) to map the molecular cloud Cygnus X at high angular resolution with NOEMA and the IRAM 30 m telescope: the Cygnus Allscale Survey of Chemistry and Dynamical Environments (CASCADE). The NOEMA part of the project is observed in ~520 h distributed over several years. Observations of the first regions started during the 2019/2020 winter semester. The complementary IRAM 30 m data were observed between May and August 2020 and will be presented with an overview of all subregions in Christensen et al. (in prep.). Furthermore, that paper will focus on the deuteration of various molecules on large cloud scales.
With the rich combined NOEMA+30 m data provided by CASCADE, we will study a broad range of scientific questions. The key topics to be addressed relate to the gas flow from large cloud scales to small core scales. We will investigate potential kinematic signatures of cloud collapse, and study how signatures may vary for different evolutionary stages. Furthermore, CASCADE will allows us to scrutinize how star-forming cores affect their environment, and which feedback processes from the newly forming stars are dominating. In addition to this, we will also study the low-mass population is such a high-mass environment. To be more specific, in the following, we outline a few topics in more detail.
Detailed studies of cloud collapse
Theoretical models differ in their predictions for the expected velocity field during the collapse phase. In the two extreme cases for fast and slow collapse (Larson 2003), much broader line profiles are expected for a runaway collapse than for quasi-static contraction (e.g., Zhou 1992). While no such broad lines are observed toward low-mass star-forming regions, the fast collapse might be relevant for highmass star-forming cores. Models of high-mass cluster formation also predict a large-scale contraction (global collapse) as the protocluster evolves and molecular gas is funneled from the outer regions of the core into the center of the cluster (Bonnell & Bate 2002; Bonnell et al. 2004; Vázquez-Semadeni et al. 2019). The question is how these global collapse scenarios can be probed. Vázquez-Semadeni et al. (2009, 2019) discussed a hierarchical global collapse scenario in which the velocity dispersion on all scales was driven by global infall rather than turbulence. Observationally, indications have been found of global infall in low-(e.g., Walsh et al. 2006) and high-mass star-forming regions (e.g., Schneider et al. 2010; Beuther et al. 2020). With the MIOP project, we will be able to study the infall kinematics over a broad range of spatial scales.
Filaments
Although the existence of filamentary structures has been known for some time, Herschel studies revealed the ubiquity and importance of filaments for the cloud and star formation process (e.g., André et al. 2014). The general picture emerging from a wealth of observational and theoretical studies indicates that molecular clouds often fragment into networks of filaments, and these filaments further fragment into star-forming cores. High-mass star formation is often observed at junctions of filaments (so-called hubs; e.g., Motte et al. 2018; Kumar et al. 2020). The filaments may act as a funnel through which the gas can flow, and they link the large-scale cloud to the small-scale cores. Accretion along filaments has been found from low-to high-mass star-forming regions (e.g., Tobin et al. 2012; Kirk et al. 2013; Peretto et al. 2014; Hacar et al. 2017, 2022). The exact properties of the filaments are subject of intense debate (e.g., Arzoumanian et al. 2011; Hacar et al. 2013; Panopoulou et al. 2017; Suri et al. 2019), and it is far from clear whether filamentary structures in high- and low-mass star-forming regions behave in a self-similar way or if they vary significantly for the two regimes. The CASCADE program will allow us to address several important questions about filaments in high-mass star formation, e.g., (i) whether we see gas flow motions along filaments, (ii) whether the gas flows via a network of filaments toward the main structures, and (iii) we will be able to determine the physical properties of the massive filaments such as width, velocity dispersion, and mass-to-length ratios.
Table 1 
Continuum and spectral line parameters.

Deuterated molecules
In cold molecular clouds, deuterium enhancement, or deuteration, raises the abundance of deuterated molecules relative to their main isotopologs to values that are orders of magnitude higher than the abundance of D (relative to H) in the general interstellar medium (where it is ~10−5; Oliveira et al. 2003). With the extension of the NOEMA tuning range to frequencies as low as 71 GHz, access to several ground-state transitions of important deuterated species has become available (e.g., DCN and DCO+; Table 1). These observations will allow studies of the detailed morphology, kinematics, and deuteration fraction of the individual deuterated species from clump to core scales and lead to deuteration fractions of the different species that provide powerful constraints on models for the formation route of the deuterated species. Albertsson et al. (2013) modeled the deuteration fraction for a variety of molecules, initial conditions, timescales, and physical parameters, which our observations will be able to constrain. Körtgen et al. (2017) performed 3D magnetohydrodynamical simulations of the deuteration in massive dense prestellar cores. Interestingly, Pillai et al. (2012) found that the fundamental H2D+ cation in the DR21 ridge in Cygnus X does not follow the dust continuum. Therefore it is crucial to spatially resolve the emission of deuterated molecules. Here we wish to understand, for example, (i) in which density regime N2D+ and N2H+, for instance, trace the quiescent gas, (ii) which other deuterated species behave similarly (e.g., DCO+, DCN, or DNC), and (iii) we aim to determine the influence of the deeply embedded low-luminosity young stellar objects (YSOs) on the deuteration.
	[image: thumbnail]	Fig. 1 Cygnus X as seen in Herschel SPIRE 250 um (green contours) and PACS 70 um emission (grayscale, from the HOBYS program, Motte et al. 2010). The red triangles show the mm clumps previously identified in 11″ resolution 1.1 mm single-dish mapping (Motte et al. 2007). The blue squares indicate the 16 arcmin2 NOEMA mosaics. To the right, a zoom into the DR21 ridge is shown.



2 The nearby Cygnus X region: a star formation powerhouse
The target region for CASCADE is the well-studied northern hemisphere Cygnus X complex (e.g., Reipurth 2008, Fig. 1). This relatively nearby (~1.4 kpc, Rygl et al. 2012) massive and luminous region (e.g., Kumar & Grave 2007; Beerer et al. 2010) is an excellent hunting ground in which to study various phases of massive star formation. Its associated giant molecular cloud complex harbors a rich collection of objects in various star formation stages: dense, dusty, hot cores with embedded protostars (e.g., Schneider et al. 2006; Motte et al. 2007). This and the presence of several OB associations, the results of many million years of recent star formation, and a super-bubble driven by stellar winds of the O stars and the famous Cygnus loop supernova remnant (also known as the Diamond ring) give testament to intense and widespread star formation that occurred over (at least) the past few million years. More recently, mm and centimeter (cm) wavelength observations have resulted in a wealth of data on the dust, ionized, and molecular gas emission in this region (e.g., Taylor et al. 2003; Motte et al. 2007, 2010; Molinari et al. 2010; Cao et al. 2019, 2021, 2022; Li et al. 2021; van der Walt et al. 2021). Taken together, these substantial complementary data form a rich background that now allows placing all spatial scales into context and following the gas flow from the large molecular clouds to the small cores. The Cygnus region is thus one of the few relatively nearby regions in which many phenomena can be studied in detail.
	[image: thumbnail]	Fig. 2 NOEMA+30 m wide-band spectra toward the main continuum peak position A.



3 The Max Planck IRAM Observatory program (MIOP) on star formation in Cygnus X
Figure 1 gives an overview of the Cygnus X region observed with Herschel at the far-infrared wavelengths (70 and 250 µm). While the entire complex covers several square degrees on the sky, the high-column density regions visible in the Herschel data are constrained to comparably smaller areas. The CASCADE program targets all the important subregions with 40 mosaics covering 16 arcmin2 each (each blue square in Fig. 1 marks one mosaic). Several individual and adjacent mosaic fields are then combined into larger mosaics. For example, the prominent DR21 region shown in the right panel of Fig. 1 comprises six mosaics.
Our selected spectral setup in the 3.6mm wavelength band of ~8 GHz width in the upper and lower sideband covers crucial ground-state lines from N2H+, HCN, HNC, and H2CO, for example, as well as unique lines from deuterated molecules. Figure 2 shows example spectra taken toward the main continuum emission peak in the DR20 region with the broadband correlator unit, which has a spectral resolution of 2.0 MHz, corresponding to a velocity resolution of ~7.3 km s−1 at the central nominal frequency of ~82.028 GHz (Table 1). Important lines are marked. Most of these lines are also covered by additional high-resolution correlator units to also resolve them at a high spectral resolution of 60 kHz, corresponding to a velocity resolution between 0.26 and 0.19 km s−1 at the bottom and top end of the bandpass (Fig. 2). Table A.1 presents all spectral units, covered frequencies, and specific associated lines. These lines cover a broad range of energies above the ground state, critical densities, optical depths, and chemical properties. This allows us to probe the kinematics and the physical and chemical conditions of the dense regions on 5000 au scales in detail.
Each individual mosaic consists of 78 pointings, and we observe all regions in the C and D configurations. This NOEMA part of CASCADE is planned to take roughly 520 h. To complement the missing short spacings, we furthermore applied for open time at the IRAM 30 m telescope. Within ~80 h of observing time, we already observed all fields with the IRAM 30 m telescope in 2020. The entire IRAM 30 m dataset is presented in a forthcoming paper by Christensen et al..
The following case study focuses on the Cygnus X subregion DR20, which was first discussed by Downes & Rinehart (1966). It is a strong radio and mm source that was investigated in various studies (e.g., Schneider et al. 2006; Motte et al. 2007) and is also part of the recent GLOSTAR Galactic plane survey (Brunthaler et al. 2021). Figure 3 shows an overview of the complex based on Herschel dust continuum and GLOSTAR radio continuum data (Marsh et al. 2017; Brunthaler et al. 2021). DR20 exhibits an almost filamentary structure from the northwest toward the southeast, and it combines sources in a range of evolutionary stages, from more evolved (ultracompact) Hii regions (clumps A and B in Fig. 3) to the younger and colder clumps C to F. This variety of evolutionary stages makes DR20 an ideal template for a first exploration of the potential of the CASCADE project.
The DR20 region, the focus of this paper, was observed with three mosaic tiles, covering star-forming regions in different evolutionary stages (Fig. 3). All NOEMA and IRAM 30 m data have been taken, and we present the full combined dataset. This allows us to also discuss the observation and data reduction challenges associated with the project.
	[image: thumbnail]	Fig. 3 Overview of the DR20 region. Top panel: Radio continuum emission from the GLOSTAR survey at 5.8 GHz with an angular resolution of 19” (corresponding to 0.13pc) is shown on the color scale (Brunthaler et al. 2021). The turquoise contours present the HCO+(1 – 0) data obtained with the IRAM 30 m telescope, integrated between −7 and 3kms−1. Contour levels start at 4σ = 3.4 K kms−1 and continue in 4σ steps. Bottom panel: Dust temperature map derived from the Herschel far-infrared continuum data by Marsh et al. (2017) is show on the color scale. In both panels, the black contours show the H2 column density map derived by Marsh et al. (2017) at contour levels between 1022 and 5 × 1022 cm−2 (step 1 × 1022). A linear scale-bar is shown at the left. The six main regions A to F are marked, and a triangle shows the position of the class II CH3OH maser associated with B that has been determined by Ortiz-León et al. (2021).



	[image: thumbnail]	Fig. 4 Spitzer 8 and 4.5 data on the color scale. The black contours again show the H2 column density map in contour levels between 1022 and 5 × 1022 cm−2 (step 1 × 1022 cm−2).



4 Observations and data reduction
The three mosaic tiles of the DR20 region were observed individually with NOEMA in the C and D configurations between 2019 December 15 and 2020 May 3, with typically ten antennas in the array (baselines between ~15 and ~365 m). Each mosaic tile consists of 78 pointings. The phase reference centers (in J2000.0) of the three fields are RA 20:36:47.570 Dec +41:36:50.40, RA 20:37:05.437 Dec +41:34:10.40, and RA 20:37:23.303 Dec +41:34:10.40.
The νLSR for all three fields is the same with −2.0 km s−1. The bandpass and flux calibration was conducted with the quasar 3C454.3 and with MWC349, respectively. Gain calibration was performed via regularly interleaved observations of the quasars 2005+403 and 2120+445.
A technical challenge of this MIOP project is achieving the desired homogeneous sensitivity distribution throughout the 40 mosaic tiles. A complete track that observes one full mosaic of 78 pointings with three coverages, which is required to reach the targeted mosaic sensitivity of ~11mJy beam−1 in 150 kHz channels, takes about 9 h of telescope time. It is therefore important to protect against possibly varying weather conditions during individual tracks, and against technical failures that could unexpectedly interrupt an observing track when only part of the complete mosaic is observed. To reach this goal, a suite of dedicated observing procedures was developed that easily allow to add additional data to individual parts of the mosaic, when needed.
The calibration and imaging was performed with the clic and mapping software within the GILDAS package1. The continuum dataset was created using only the line-free parts of the spectrum. Excluding the band edges and the lines, we still have a very broad bandpass of ~15.51 GHz for our final continuum dataset. To create the final continuum table, we first averaged over 20 MHz bins to properly rescale the uv coordinates to the mean frequency of each bin. The UVv_CONT task then created the final continuum table, taking the spectral slope of the data into account. We applied natural weighting during the imaging process for optimal imaging quality in these large mosaics. For the 3.6 mm continuum data, this resulted in synthesized beams of 3.45″ × 2.77″ (P.A. 21 deg), corresponding to an approximate linear spatial resolution of -4400 au. The achieved 1σ rms noise level of the continuum data is ~50 µJy beam−1. The absolute flux scale is estimated to be correct within 10%.
For the spectral line data, we obtained complementary single-dish observations with the IRAM 30 m telescope to compensate for the missing short spacings. These 30 m observations were conducted in on-the-fly mode, typically achieving rms values of ~0.1 K (Tmb). The IRAM 30 m data of the entire MIOP program toward Cygnus X are presented in Christensen et al. (in prep.).
We then combined the NOEMA and 30 m data in the imaging process with the task UVv_SHORT. All spectral line results presented in this paper are based on the combined NOEMA C+D array plus IRAM 30 m observations. Because the spectral resolution of the 30 m data is slightly lower, we used a homogeneous velocity resolution of 0.8 km s−1. Only the broad hydrogen recombination lines were imaged at a lower velocity resolution of 3 km s−1. Again, natural weighting was applied, and the final 1σ rms and synthesized beam values are presented in Table 1. The highest angular resolution is achieved for the N2H+ (1 – 0) line at 93.174 GHz with 3.04″ × 2.28″ or ~3700 au.
5 Results
Figures 3 and 4 present overviews of the DR20 region by showing the GLOSTAR 5.8 GHz radio continuum emission (Brunthaler et al. 2021), two Spitzer mid-infrared bands (8 and 4.5 µm), and the integrated emission of the HCO+ (1 – 0) line obtained with the IRAM 30 m telescope. Furthermore, the H2 column densities and the dust temperatures derived by Marsh et al. (2017) from the HIGAL data (Molinari et al. 2016b) are shown. As mentioned above, a gradient in star formation activity over the region can be identified in which the western part already hosts an Hii region (near A) that is shown by the radio and strong mid-infrared emission. Region B also shows elevated temperatures, strong compact molecular emission, and a class II CH3OH maser found by Ortiz-León et al. (2021). Class II CH3OH masers are only found toward high-mass YSOs that are mostly in the pre-ultracompact Hii region stage (Minier et al. 2003).
The eastern part is comparatively more quiescent at radio and mid-infrared wavelengths. This gradient is also reflected in the dust temperature maps in which we find elevated temperatures of about 30 K in the already active regions A and B, whereas the other four regions rather exhibit dips in the temperature map below 20 K. The HCO+(1 – 0) emission agrees well spatially with the general H2 column density structure derived from the far-infrared HIGAL data. The total gas mass estimated from the H2 column density map in the area shown in Fig. 3 is ~2500 M⊙.
The different parts of the DR20 region follow an almost filamentary structure in northwest-southeast direction along four main clumps labeled A to D in Fig. 3. Adjacent to this main filament, we find two more clumps E and F, also labeled in Fig. 3. The faintest clump F can barely be identified in the HCO+ data, but is also emitting at mid-infrared wavelengths. The nearest-neighbor separations for these main clumps are about 1 pc (Table 2). Very interestingly, the classical Jeans length for a 20 K cloud at a mean density of 750 cm−3 is roughly 1 pc as well (e.g., Stahler & Palla 2005). A detailed analysis of the filamentary substructure and associated kinematic features will be presented in Sawczuck et al. (in prep.). That analysis will be based on a DISPERSE filament identification (Sousbie 2011; Sousbie et al. 2011) and the subsequent analysis and physical interpretation of the filamentary structures.
	[image: thumbnail]	Fig. 5 Millimeter continuum and selected integrated intensity images. The upper left panel shows the 3.6 mm continuum emission (NOEMA only), and the other panels show integrated intensity images for the species marked in each panel (NOEMA+30m). For the latter, the integration ranges are always from −7 to 3 km s−1. The data were clipped below the 4σ level for each species (Table 1). The bottom right panel also shows a linear scale-bar. The six main regions A to F are labeled in the continuum panel. The continuum image also shows the lower continuum contour levels in 6σ steps of 0.3 mJy beam−1 up to 0.9 mJy beam−1. Additional maps for other species are shown in Figs. A.1 and A.2.



Table 2 
Nearest-neighbor separations of the main clumps.

5.1 General gas morphologies
Figures 5, A.1 and A.2 present the 3.6 mm NOEMA-only continuum and the integrated intensity maps of the combined NOEMA+30 m line data. These images show the richness of the data obtained in this large program, which combines the capabilities of the two IRAM facilities, NOEMA and the 30 m telescope. The continuum image still exhibits artifacts and increased noise around the strong emission sources that is caused by insufficient deconvolution because of the missing short spacings for the continuum. Except for the increased noise at the map and mosaic edges, the combined spectral line data are free from such artifacts and recover the large-scale and the small-scale emission. This allows us for the first time to study the gas properties from cloud scales down to scales of individual protostellar cores. The DR20 region is an ideal early example of the survey because it combines several aspects to be studied by this MIOP: it covers a range of evolutionary stages from an evolved HII region in the west (subregion A), close to an already ignited high-mass protostellar object whose mid-IR radiation powers a class II CH3OH maser, to more pristine and younger regions farther east (Figs. 3 and 4). The region is observable in many spectral lines, and it harbors several structures that are connected and interacting. We discuss all these points in the following.
Because the different molecules trace different parts of the gas, our data allow us to investigate more diffuse gas components and dense components. For example, the HCO+, HCN, or CCH emission traces more widespread and diffuse gas components, whereas other transitions, such as those from H13CO+ or N2H+, trace the denser parts of the star-forming regions. Even denser regions can then be studied by CH3CN or HCCCN. The emergence of deuterated species such as DCO+, DCN, DNC, or NH2D does not depend on density alone, but also on chemistry, and the isotopologs trace only specific parts of the gas (see Sect. 6.2). For example, subregion F in the south of DR20 is clearly detected in the mm continuum, but only barely visible in the HCO+ line emission. In contrast to the latter, region F is again well detected in spectral lines of H2CO, CCH, or HNC, but it is far fainter in HCN. Hence, we identify clear differences in the chemistry throughout the entire DR20 region. Dedicated chemical investigations of the entire CASCADE data are planned as forthcoming studies.
Furthermore, we also cover two hydrogen radio recombination lines (H41α and H44α) that are typically only detected toward the strongest free-free continuum sources within a field. In the case of DR20, they are detected toward the strong cm continuum source in the west (subregion A, Fig. 3), which at the same time is also the strongest 3.6 mm source in the DR20 field (Fig. 5). Figure 6 shows the corresponding integrated intensities and first- and second-moment maps. We return to this in Sect. 5.3.
5.2 Core masses and column densities
The masses and column densities of the compact structures within subregions A to F can be estimated based on the 3.6 mm continuum emission (Fig. 5, top left panel). Assuming optically thin dust continuum emission at mm wavelengths, we followed the approach originally outlined in Hildebrand (1983) with the equations for gas mass and column density presented in Schuller et al. (2009) as:
[image: equation](1)
[image: equation](2)
with the distance d (1.4 kpc; Rygl et al. 2012), the integrated and peak flux densities Sint and Speak, the gas-to-dust mass ratio R (150; Draine 2011), the Planck function B(Td) depending on the dust temperature Td, the dust absorption coefficient kv, the beam size Ω, the mean molecular weight µ (~2.33; Kauffmann et al. 2008), and the mass of the hydrogen atom mH. The dust absorption coefficient kv was extrapolated to 3.6 mm from Ossenkopf & Henning (1994) for dust with thin ice mantles at densities of 105 cm−3. The dust temperatures Td were estimated from the Herschel dust map (Fig. 3, Marsh et al. 2017). We used Td of 29 and 27 K for regions A and B, respectively. As outlined in Sect. 6.1 where the temperatures are estimated from the HCN/HNC ratio, the temperatures derived from dust emission are likely lower limits for the more evolved regions A and B. Therefore, for comparison, we estimated the parameters for these two regions also with a higher temperature of 50 K (Table 3). For the four remaining regions, we uniformly used 20 K. The nominal 3σ point source mass and column density sensitivities for 20 K are 0.6 M⊙ and 6 × 1022 cm−2.
Another important information at long wavelength is how much free-free emission contributes to the measured flux densities. The GLOSTAR Galactic plane survey observed the Cygnus X region at 5.8 GHz with the Very Large Array (VLA) in two different configurations. The compact D-array observations result in the 19″ resolution image presented in Fig. 3 that shows the extended Hii region encompassing our mm peak positions A and B. Estimating the free-free emission from these data in comparison to our much smaller 3.6mm wavelength beam size of 3.45″ × 2.77″ will overestimate the free-free contribution at our wavelengths. Therefore, we also used the high-resolution B-array GLOSTAR data that have a synthesized beam of 1.5″ at 5.8 GHz. These higher-resolution data detect an almost unresolved point source toward peak A and no compact cm emission toward peak B. Using these data will hence underestimate the free-free contribution to our 3.6mm data. To bracket the free-free contribution, we measured the 5.8 GHz flux for both datasets and extrapolated these fluxes from 5.8 GHz to 82.028 GHz assuming optically thin emission2 via Sfree–free(82 GHz) ~ Sfree–free(5.8 GHz) × [image: equation]. The original integrated and peak flux densities Sint and Speak as well as the corrected values corresponding to the D- and B-array VLA observations are listed in Table 3.
Based on these assumptions and input information, the derived gas column densities Ngas and gas masses Mgas are presented in Table 3. The masses are derived within the 6σ contours around regions A to F (Fig. 5). For cores A and B, ranges are given based on the different free-free subtraction approaches and temperatures outlined above. The regions have very high peak column densities between a few times 1023 and a few times 1024 cm−2. The measured masses of the six main cores range between 3.8 M⊙ and a potential maximum around 200 M⊙ (depending on the free-free contribution and temperature, in particular, for core A). Comparing the sum of the masses shown in Table 3 with the entire mass of the region of ~2500 M⊙ estimated above, we see that for the continuum data a large fraction of the flux is filtered out, since we have no continuum short spacing information in our data. Depending on the lower or upper mass ranges for cores A and B (Table 3), we recover roughly between 10 and 15% of the entire mass in our NOEMA 3.6 mm continuum data.
	[image: thumbnail]	Fig. 6 Integrated intensities (top), first- (middle) and second -moment (bottom) maps of the H44α radio recombination line are shown in color scale panel. The integration ranges are always from −20 to 20 km s−1. The data were clipped below the 4σ level (Table 1). The contours show the 3.6 mm continuum data on contour levels from 8 to 78 mJy beam−1 (step 10 mJy beam−1). The beam is shown in the bottom left corner of each panel.



Table 3 
Core parameters from the 3.6 mm continuum data.

5.3 Gas kinematics
Figure 7 now shows the first-moment maps (intensity-weighted peak velocities) of a few specific molecules. We selected three molecules that trace the more diffuse gas (HCO+, H2CO, and CCH) and the dense gas (N2H+). Interestingly, the dense gas tracer N2H+ barely shows any significant velocity gradient of the large-scale DR20 region, but is mainly around −2 km s−1. In contrast to this, the kinematic signatures of the other shown molecules that also trace more extended and diffuse emission are very different. While there are also large regions that have velocities around −2 km s−1, we also find large areas with more blueshifted (up to −6 km s−1) and more redshifted (up to +2 km s−1) gas.
A different way to visualize these differences is a channel map. For this purpose, we selected the already shown HCO+ and its optically thin H13CO+ counterpart shown in Fig. 8. We focus here on the northwestern tile around main clump A that is also the most active region with an extended Hii region (Figs. 3 and 4). The emission in the dense optically thin line H13CO+ is different from that of the main isotopolog HCO+. More precisely, the H13CO+ line mainly emits in a small velocity regime around −2 km s−1 (Fig. 8), similar to what is seen in the firstmoment map of N2H+ mentioned above. In comparison to this, the main isotopolog HCO+ is rather weak in these channels, especially west of the core A peak position (magenta five-point stars in Fig. 8). While this might be self-absorption due to high-optical depth, this seems unlikely because the peak-intensities at these positions west of the core A in the optically thin H13CO+ line are comparably weaker than at some other positions where the HCO+ and H13CO+ emissions agree spatially and spectrally much better (Figs. 8 and 9). Nevertheless, some self-absorption may still affect the HCO+ emission, in particular at the highest column densities around the peak position of core A.
In contrast to H13CO+, the HCO+ emission shows more extended as well as filamentary structures at more blue- and more redshifted velocity channels. In particular, the blueshifted emission between −6 and −4.4 km s−1 exhibits extended filamentary structures that are directly connected to the main central mm and cm continuum source. In comparison, in the redshifted channels between 1.2 and 2.8 km s−1, we also identify extended and filamentary structures. These are slightly less clearly connected to the main mm and cm source in the region, but the higher the velocities, the closer the gas emission peaks to the central main source.
The spectra observed in the different parts of the region can also be studied directly. Figure 9 shows example spectra in the HCO+(1−0) and H13 CO+(1−0) lines toward selected positions again in the northwestern part of DR20 around clump A. Similar to the channel maps in Fig. 8, H13CO+ is only detected toward far fewer positions in the spectra than the main isotopolog. In the classical picture in which infall is diagnosed by asymmetric blue-skewed spectra of the optically thick species (here HCO+) versus centrally peaked spectra of the optically thin counterpart (here H13CO+; e.g., Myers et al. 1996), the H13CO+ line is expected to peak in between the blue- and redshifted HCO+ peaks. However, this signature is observed nowhere in the spectra of Fig. 9. Therefore, the data of that region around clump A do not indicate classical global infall motions. The two velocities rather represent two different gas components in that region.
Because the blue- and redshifted molecular gas is connected via extended filamentary structures with the central star-forming core, these structures might be filamentary feeding channels in which gas might be accreted onto the central star-forming complex. Alternatively, these filaments may even be feedback signatures from the central source. We try to distinguish these two sources below.
The extended ionized gas as traced by the GLOSTAR cm continuum emission (yellow contours in Fig. 8) does exhibit emission in the northern direction that might be associated with the blueshifted gas. However, on the redshifted side, associations between the cm emission and the ionized gas appear less likely. As an additional indicator for the nature of the gas flow, the velocity dispersion may be studied, which is shown as second-moment maps (intensity-weighted velocity dispersion) in Fig. 10. The velocity dispersion is largely uniformly low around 2–3 km s−1 in the northern filamentary structures at very negative velocities as well (Fig. 8). The only area with a broader velocity dispersion is the region northwest of clump A, where we had previously identified the two velocity components. Hence, the higher values in the second-moment map there do not indicate broader line widths; this is just mimicked by the two velocity components. In the framework of the above question whether the two velocity components may be caused by infall or by feedback, feedback would in general cause shocks and broader lines. Therefore, the on average narrow line widths are indicative that the two velocity components may indeed rather belong to pristine gas streamers that may be associated with the cloud and star formation processes. However, as we show in the following Sect. 6.1, the high-velocity gas components are spatially associated with enhanced temperatures. Hence, expansion and feedback from the Hii region into the pristine environmental gas may be a viable scenario to explain the high-velocity gas.
For comparison, Fig. 6 also presents the first- and second-moment maps of the H44α emission toward the strongest continuum source A. Because of the lower sensitivity to the recombination line emission at mm wavelengths, the line is only detected over an extent of a few beams around the main source A. While the second-moment map typically shows broad almost thermal velocity dispersion values around 20 km s−1, the firstmoment map in the middle panel of Fig. 6 depicts a velocity gradient in the northwest-southeast direction. In comparison, we do not identify a clear bipolar molecular outflow structure in the SiO emission. Interestingly, the blueshifted emission is toward the northwest, opposite to the redshifted molecular filaments northeast of region A that were discussed in the previous paragraphs.
	[image: thumbnail]	Fig. 7 First-moment maps. The colour scale always shows the first moment for the labeled species. The black contours outline the integrated emission of the same species contoured always from 0.1 to 2.9 Jy beam−1 km s−1 in steps of 0.3 Jy beam−1 km s−1. The thick black contours in the top left panel show the GLOSTAR 5.8 GHz continuum data between 0.02 and 0.12 Jy beam−1 in steps of 0.01 Jy beam−1. The 3.6 mm continuum peak positions are marked with five-point stars.



	[image: thumbnail]	Fig. 8 Channel maps of the western third of DR20 around region A in the HCO+(1 − 0) and H13CO+(1 − 0) emission lines. The colored and black contours show the HCO+(1 − 0) emission, whereas the white contours present the H13CO+(1 − 0) emission. Contour levels are always in 5σ steps, and the central velocity is marked in each panel. The magenta five-point stars marks the position of the main continuum peak (Fig. 5). The yellow contours in the first and last panel outline the GLOSTAR cm continuum data from 0.03 to 0.12 Jy beam−1 in steps of 0.01 Jy beam−1.



6 Discussion
6.1 Gas temperatures
The temperatures of the gas provide important physical information for a general understanding of the region. While the Herschel data provide us with a dust temperature map at 12” resolution (Fig. 3; Marsh et al. 2017), we would like to derive a temperature map at higher angular resolution from the gas lines that we have observed. Although our setup comprises a few molecules with several lines that may be used as temperature indicator, for example, from CH3CN or CH3OH, emission of these molecules is typically not that widespread, but is more confined to the central densest regions. This is also the case in DR20; see Fig. A.2. However, Hacar et al. (2020) recently suggested that the ratio of the HCN(1−0) and HNC(1−0) lines might be a good temperature measure, in particular in the regime between 15 and 40 K. Using the integrated intensity images shown in Fig. A.1, we created a ratio map of the two and converted this into temperatures following the recipe outlined in Hacar et al. (2020),
[image: equation](3)
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The resulting temperature map is presented in Fig. 11. Hacar et al. (2020) estimated the uncertainties of the estimated temperatures for 10 < T < 40 K to be ΔT ≈ 5 K, and above T > 40 K to be ΔT ≈ 10 K. A few general features can be pointed out in the DR20 region: In the more quiescent regions C to F, the gas temperatures are typically low, about 20 K or even lower. In contrast to this, in regions of strong cm continuum emission, as outlined by the GLOSTAR contours in Fig. 11, the temperatures rise to values above 40 K. This is particularly prominent north of region A, as well as around region B. The GLOSTAR cm continuum and Spitzer mid-infrared images in Figs. 3 and 4 conversely show that the regions of elevated temperature in the HCN/HNC temperature spatially coincide with regions of strong cm continuum and mid-infrared emission, which means ongoing or even past star formation events. This star formation can excite the environmental gas and hence explain the higher temperatures in the HCN/HNC temperature maps in these regions.
In addition to this, when the temperature map is compared to the HCO+ channel maps (Fig. 8), the warm regions north of clump A appear to be associated with specific velocity components. To examine this in more detail, Fig. 12 presents a zoom of the temperature map toward the north-western part of DR20 around clump A. We overplot the contours of specific HCO+ and H13CO+ channel and find clear associations, especially of elevated temperatures with high-velocity HCO+ gas. The full black contours in Fig. 12 show that the blueshifted filamentary HCO+ emission at −6 km s−1 is clearly associated with the warm gas north of clump A. Similarly, the redshifted gas at +2.8 km s−1 is spatially correlated with the warm gas northwest of clump A (dotted contours in Fig. 12). In contrast to this, the main dense gas structure visible in the H13CO+ emission at −2.8 km s−1 is spatially correlated with the cold gas (magenta contours in Fig. 12). Since clump A drives an expanding HII region that is visible in the cm continuum data (e.g., yellow contours in Fig. 8), a plausible interpretation for the spatial correlation between high temperatures and high-velocity gas could be that the expanding Hii region heats up the gas and at the same time pushes the remnant structures of the envelope to higher velocities. In contrast to this, the higher-density tracer H13CO+ may trace the parts of the envelope that are still less affected by the expanding Hii region.
Toward the peak positions of regions A and B, we find elevated temperatures, as expected, but especially toward B, they are slightly below the environmental higher temperatures. This is partly in contrast to the temperature map derived from the far-infrared continuum data (Fig. 3; Marsh et al. 2017) where the highest temperatures are found toward the peak positions A and B. We point out that although elevated above 20 K, the absolute values of the Herschel temperature map even in the warm regions north of region A are lower than the HCN/HNC derived values. This can be explained by the combined effect of the lower angular resolution of the Herschel data and the fact that the Herschel far-infrared wavelengths between 70 and 500 µm are not a good tracer of gas warmer than 40 K. Nevertheless, the gradients and temperature trends in the Herschel map reflect the large-scale temperature structure of the region well. Therefore, the estimated lower temperatures toward the A and B peak positions in the HCN/HNC derived temperature compared to the surroundings of A and B are most likely an artifact because toward these positions, the H2 column densities rise above values of 1023 cm−2 (Sect. 5.2), and the HCN and HNC emission becomes optically thick. In this regime, the ratio of the two lines decreases again and saturates at values corresponding to lower temperatures. Hacar et al. (2020) argued that up to extinctions Av ≈ 100, corresponding to H2 column densities of ~1 × 1023 cm−2, the HCN/HNC ratio could still be a reasonable column density tracer. However, toward the peak positions of A and B, we are even above that threshold (Table 3). We return to these high-column density regions below by investigating the H13CN/HN13C ratio.
For a direct comparison of the temperature map derived from the Herschel far-infrared data (Fig. 3, Marsh et al. 2017) and our higher-resolution HCN/HNC temperature map, we smoothed the HCN/HNC temperature map to the spatial resolution of 12″ of the dust temperature map and placed them on the same grid. The ratio of these two maps is presented in Fig. 13 (top panel). It is encouraging to see that over large areas of the map, the ratio of dust temperature and HCN/HNC temperature is close to 1. This is particularly clear north of region A, in almost the entire region B, and in large parts of C and D. Excluding some edges around C and D, the only exceptions of a ratio on the order of unity are the peak of region A, some area slightly west of A, and almost the entire region E. While the difference toward the peak of A can most likely be explained by the high column densities toward that position and the accordingly increased optical depth in the HCN and HNC lines, this seems less likely to be the case for the high ratios west of A and in E.
Qualitatively speaking the dust temperature and HCN/HNC temperature maps in region E largely agree in the sense that low temperatures are found in both of them. Nevertheless, quantitatively, the estimates differ in the dust temperature map toward E, the temperatures drop below 20 K but never lower than 17 K. In contrast, the HCN/HNC temperature map there exhibits largely temperatures around 10 K or even below, implied by ratios of about 2. A similar situation can be found east of region A, where the dust temperature map ranges around 22 K, and the HCN/HNC temperature map again shows values in the 10K regime. The higher-than-1 ratio between the dust and HCN/HNC temperatures west of peak A can be explained by the radiation in the Hii region. This radiation may excite outer layers of the dust environment, and by this, increase the average line-of-sight dust temperature. In contrast, these warmer layers may not be associated with higher-density gas traced by HCN/HNC. These molecular lines rather trace the denser and cooler gas, explaining the higher ratios seen west of A in Fig. 13.
The PPMAP approach (point process map) by Marsh et al. (2015, 2017) for estimating column densities and temperatures from Herschel data has not only been applied to the integrated H2 column density map and the line-of-sight averaged temperature maps, but also provides H2 column density maps for different temperatures (12 bins between 8 and 50 K). The three bottom panels of Fig. 13 now show these H2 column densities at three selected temperatures of 9.5, 18.4, and 30.3 K. The differences between these maps is large in that sources E and F are mainly found to have very low temperatures, whereas A and B have high temperatures. In source E, the dense central region receives strong contributions of cold gas and dust. However, in the line-of-sight averaged temperature map (Fig. 3), the outer warmer layers of the region contribute so strongly that temperatures below 17 K cannot be attained. In contrast to this, HCN and HNC have critical densities above 105 cm−3 and even effective excitation densities above 103 cm−3 (Shirley 2015). Hence, these lines preferentially trace the higher density, and in region E, also colder gas. Therefore, measuring lower temperatures via the HCN/HNC ratio is plausible.
We return to the potential high optical depth, especially toward the peak positions A and B. We can also explore the emission from the rarer isotopologs H13CN and HN13C. As shown in Fig. A.1, these rarer isotopologs are mainly detected toward the two main peak regions A and B. This is sufficient, however, because these regions also have the highest optical depth, where the main isotopologs discussed before are most prone to saturation and hence deliver temperature estimates with high uncertainties. We now applied exactly the same procedure to the integrated intensity ratio maps of H13 CN and HN13C and derived a new temperature map in particular towards regions A and B. The resulting temperature distribution is shown in Fig. 14 (top panel). As expected, the highest temperatures are now found toward the peak positions of A, where the most luminous embedded sources should be located. Hence qualitatively speaking, using the rarer13 C isotopologs appears to be a reasonable option to estimate temperatures toward high column density regions as well.
As a final test, we combined the results obtained with the main isotopolog lines HCN/HNC with those from their rarer 13C replacements H13CN/HN13C. Assuming that the chemical behavior of the 12C and the 13C isotopologs is similar, we used the H13 CN/HN13 C ratio where detectable and the HCN/HNC ratio for the remaining parts of the map. The result of this Article number, page 14 of 22 brute-force combination is presented in Fig. 14 (bottom panel). Interestingly, the transition between the two temperature derivations is barely recognizable in this combined map. This can be considered as an indicator that deriving the temperature distribution by this combined approach can be reasonable. While the H13 CN/HN13 C ratio can be used for the highest column density regions, the HCN/HNC ratio can be employed for the remaining ga,s as introduced by Hacar et al. (2020).
We are aware that we do not present an in-depth analysis of the chemical background of this potential thermometer as well. Our aim was to further explore the possibilities of using the HCN/HNC and H13CN/HN13C ratios as gas thermometer in the 3 mm wavelength band.
	[image: thumbnail]	Fig. 9 HCO+(1 − 0) and H13CO+(1 − 0) spectra in black and red, respectively, toward the northwestern region A of DR20. The y-axis of the spectra shows the flux densities in units of Jy beam−1. The color-scale in the bottom right panel shows the corresponding HCO+ first-moment map, in which the stars mark the positions of the presented spectra. The contours show the HCO+(1 − 0) integrated intensity map (from −7 to 3 km s−1) from 5 to 95% of the peak emission in steps of 10%.



	[image: thumbnail]	Fig. 10 Second-moment maps: the color scale always shows the second-moment for the labeled species. The black contours outline the integrated emission of the same species, always contoured from 0.1 to 2.9 Jy beam−1 km s−1 in steps of 0.3 Jy beam−1 km s−1. The 3.6 mm continuum peak positions are marked with five-point stars.



	[image: thumbnail]	Fig. 11 Temperature map from the HCN/HNC ratio. The color-scale shows the temperature map derived from the integrated intensity ratios of the HCN(1−0) and HNC(1−0) line following Hacar et al. (2020). The black contours show the GLOSTAR cm continuum emission from 20 to 100 mJy beam−1 in steps of 10 mJy beam−1. The 3.6 mm continuum positions are marked as five-point stars. A linear scale-bar is shown at the left, and the six main regions A to F are labeled.



	[image: thumbnail]	Fig. 12 Zoom of the temperature map for the northwestern area around clump A. The color-scale again shows the temperature map derived from the integrated intensity ratios of the HCN(1−0) and HNC(1−0) line following Hacar et al. (2020). The contours outline HCO+ and H13CO+ emission structures at specific velocities (Fig. 8). Full black contours plot HCO+ at −6km s−1, dotted contours show HCO+ at 2.8km s−1, and magenta contours show H13CO+ at -2.8km s-1. Contour levels for HCO+ start at 5σ and continue in 10σ steps. For H13CO+ only the 5σ contour of 6 mJy beam−1 is shown.



	[image: thumbnail]	Fig. 13 Temperature ratio map and column density maps at different temperatures. Top panel: ratio map of the temperatures derived from the Herschel far-infrared data (Fig. 3; Marsh et al. 2017) vs. the temperature map obtained from the HCN/HNC ratio (Fig. 11). For this ratio map, the HCN and HNC data were first smoothed to the 12″ resolution of the dust temperature map. The black contours show the H2 column density map derived by Marsh et al. (2017) at contour levels between 1022 and 5 × 1022 cm−2 (step 1 × 1022 cm−2). A linear scale-bar is shown to the left. The bottom three panels show the H2 column densities derived at different temperatures (as marked in the panels) as outlined in Marsh et al. (2017). The six main regions A to F are marked in all panels.



	[image: thumbnail]	Fig. 14 Temperature maps using also the H13CN/HN13C ratio. Top panel: temperature map derived from the integrated intensity ratios of the H13CN(1–0) and HN13C(1–0) line following the procedure outlined in Hacar et al. (2020) for the main isotopologs. The five-point stars mark the 3.6 mm continuum peak positions of region A and B. The bottom panel presents the corresponding temperature map where the temperatures derived from HCN/HNC and Hi3CN/HNi3C are combined (see main text for procedure).



6.2 Deuteration
With our spectral setup, we also cover several lines from deuterium substitute isotopologs, in particular from DCO+, DCN, DNC, and NH2D (Table 1). The integrated emission maps of these species presented in Figs. 5, A.1, and A.2 show that in the DR20 region, the DCO+(1 – 0) emission is strongest and most extended. To highlight some of the questions that can be addressed with deuterated molecules, we therefore focus on the DCO+(1 – 0) emission. It has also been shown in the framework of the IRAM CORE large program that DCO+ is an excellent tracer of the dynamics of the gas in very young star-forming regions (Beuther et al. 2021; Gieser et al. 2022). Because the DR20 region contains sources in several evolutionary stages, it can provide the ideal laboratory for testing whether DCO+ indeed only traces early evolutionary stages or if more evolved regions can also be reasonably well studied by this species.
Figure 15 shows an overlay of the integrated DCO+ emission in comparison with its non-deuterated counterpart H13CO+ (which we used instead of HCO+ because of its lower abundance and hence lower optical depth). While there is a clear correlation between the distributions of the deuterated and nondeuterated species for the main cores C, D, and E, the correlation is less clear for the two more evolved regions A and B (F is too weak to be clearly detected in any of the two tracers). While DCO+ remains entirely undetected toward region B, toward region A, it is at least detected at the southern boundary of the region, offset from the main 3.6 mm continuum emission. It is interesting to note that also towards regions C and D, the DCO+ emission is found to be offset from the main 3.6 mm continuum peak positions. Only toward region E are H13CO+, DCO+ and 3.6 mm continuum emission relatively well spatially correlated (Fig. 15). While the anticorrelation of DCO+ with most of the continuum peaks is likely associated with high temperatures in these regions (see below), the nondetection of extended 3.6 mm continuum emission in regions of strong DCO+ emission may also be related to the fact that in contrast to the spectral line data, where we combined NOEMA and 30 m data, we lack the complementary short spacing data for the 3.6 mm continuum and hence cannot recover extended emission.
One physical way to interpret these results is based on a comparison with the gas and dust temperature maps presented in Figs. 11 and 3. Regions C, D, and E clearly have the lowest temperatures in the two temperature maps. Even the deuterated emission in the vicinity of peak A lies south and southwest of the strong mm and cm continuum emission where the gas temperatures are below 20 K. Hence, a temperature regime below 20 K clearly seems conducive for detecting deuterated DCO+ emission. This is in line with other DCO+ observations and modeling, for example, in the Horsehead nebula (Pety et al. 2007) or even in the Orion bar, where the deuteration in DCO+ is comparably low at the higher temperatures in this photon-dominated region (Parise et al. 2009). The fact that the continuum peak E is associated with DCO+ emission implies that this region is cold and has high gas column densities.
6.3 Spatial power spectra of the intensity distributions of the dense gas tracer
Power spectra of integrated intensity emission or entire spectral data cubes are used to infer the turbulent and gravitational properties of the gas in the ISM and associated with star formation (e.g., von Weizsäcker 1951; Lazarian & Pogosyan 2000; Elmegreen & Scalo 2004; Falceta-Gonçalves et al. 2015; Burkhart et al. 2010; Burkhart 2021). The power spectrum of incompressible turbulence follows a power law of −11/3 (Kolmogorov 1941) that can be recovered by observations of an optically thin tracer of the turbulent gas like HI (e.g., Lazarian & Pogosyan 2000; Lazarian et al. 2002; Stanimirović & Lazarian 2001; Miville-Deschênes et al. 2003; Burkhart et al. 2013). Optical depth effects can saturate this slope at −3 (e.g., Lazarian & Pogosyan 2004; Burkhart et al. 2013). Other effects can flatten this slope, and Burkhart et al. (2010) showed that the slope of the power spectrum becomes shallower for increasing Mach number because stronger turbulence creates more density irregularities and hence more energy on smaller scales (see also Hennebelle & Falgarone 2012). In addition to this, self-gravity flattens the slopes of the power spectra even more (e.g., Collins et al. 2012; Federrath & Klessen 2013; Burkhart et al. 2015). This latter picture was recently observationally confirmed by multitracer observations and analysis of the Perseus molecular cloud: Pingel et al. (2018) investigated the power spectra of HI, 12CO, 13CO, and dust data of the Perseus cloud and reported power-law slopes of −3.2, −3.1, −2.9, and −2.7 for the four tracers, respectively. Hence, tracers of increasing density typically associated with increasing star formation activity exhibit increasingly shallower power-law slopes.
This latter scenario can now be investigated further with our MIOP observations in Cygnus X. While at our high angular resolution we lack data for the complementary low-column density tracers such as HI or CO, we observe a broad range of higher-density gas tracers. In the following, we concentrate on the optically thick and thin pair of HCO+(1 − 0)/H13CO+(1 − 0) and on the N2H+(1 − 0) line emission. While all three lines have critical densities of about 4 × 104 cm3, their effective excitation densities at 20 K span a broader range with 5.3 × 102 cm3, 2.2 × 104 cm3, and 5.5 × 103 cm3, respectively (Shirley 2015). Hence, all lines trace dense gas in which star formation activity and correspondingly gravity are expected to dominate.
To extract the slopes of the power spectra for these three tracers for the entire DR20 region mapped here, we used the python package TurbuStat (Koch et al. 2019). To avoid any artifacts caused by noise, we used the images presented in Figs. 5 and A.1 with the modification that we increased the threshold for creating the integrated intensity maps to 5σ, and we masked the edges of the mosaics where the noise increases again. For HCO+ and H13CO+, we used the standard integration range from −7 to +3km s−1. For N2H+ we increased the integration range to −12 to +6 km s−1 to cover the entire hyperfine structure. We derived the power spectra over spatial scales between 5″ (larger than the angular resolution) and 90″, roughly the largest size-scale that can be identified in the N2H+ and H13CO+ data (Figs. 5 and A.1). The derived power-law slopes are from 1D fits to the azimuthally averaged 2D power spectra. With this approach, we obtain power-law slopes of the power spectra for HCO+, H13CO+, and N2H+ of −2.9, −2.7, and −2.6, respectively (Fig. 16). The standard deviation of the fits to the slopes in all three cases is smaller than 0.1.
These estimates in context with the power spectra results reported in the literature and introduced above show that the high optical depth and comparably lower density tracer HCO+ with −2.9 shows a power-law slope that is close to the saturated -3.0 value discussed by Lazarian & Pogosyan (2004) and Burkhart et al. (2013). In comparison to this, the two higher-density tracers H13CO+ and N2H+ reveal consistently flatter slopes of −2.7 and −2.6 that are expected for increased Mach numbers and/or self-gravity becoming dominant compared to the initially more turbulent gas where the slopes are steeper (e.g., Burkhart et al. 2010, 2015; Collins et al. 2012; Federrath & Klessen 2013). The slopes found here for the dense gas tracers are also comparable to those found in other studies based on dust extinction and emission, which also trace the densest parts of the star-forming regions (e.g., Pingel et al. 2018 and references therein). Since the DR20 region is an active star-forming region, flatter slopes caused by the collapse of the gas and hence dominating gravity are very plausible.
	[image: thumbnail]	Fig. 15 Integrated DCO+(1 – 0) contours in yellow on H13CO+(1 − 0) emission in color. The integration regimes for the two molecular transitions are from −7 to 3 km s−1. The yellow DCO+ contours are from 50 to 500 mJy beam−1km s−1 in steps of 50 mJy beam−1 k ms−1. The black contours show the GLOSTAR cm continuum emission from 20 to 100 mJy beam−1 in steps of 10 mJy beam−1. A linear scale-bar is shown to the left, and the six main regions A to F are labeled and marked by five-point stars.



	[image: thumbnail]	Fig. 16 Power spectra derived in DR20 for HCO+ (1 − 0), H13CO+(1 − 0) and N2H+(1 − 0). The dots and colored area correspond to the HCO+ data and their 1 σ uncertainty. The black line is the fit to the data between 5″ and 90″. For comparison, we show the fits to the corresponding H13CO+ and N2H+ in blue and green. The bottom panel presents the residuals of the HCO+ fit.



7 Conclusions and summary
We presented the outline, scope, and initial results from the large Max Planck IRAM Observatory Program (MIOP) on star formation in Cygnus X (CASCADE). Using the two IRAM facilities NOEMA and the 30 m telescope, we mapped large mosaics in the Cygnus X region in the 3 mm wavelength band in the continuum and spectral line emission. A typical angular resolution of ~3″ results in linear resolution elements of <5000 au. Because the data are complemented by the short-spacing observations of the 30 m telescope, this unique new dataset allowed us to investigate the physical and chemical processes during star formation from large cloud scales down to our spatial resolution limit. Furthermore, covering a plethora of spectral lines and continuum emission, we studied a diverse set of phenomena covering accretion flows from large to small scales, cloud collapse, filamentary structures, and the physical and chemical properties of the gas associated with this prototypical large star formation complex.
After outlining the background and scope of the program, we described the observational setup of the project. Furthermore, we presented the data and analysis of the first observed subarea, namely the DR20 star-forming region, to highlight first results as well as the potential of the entire survey.
The DR20 covers a range of evolutionary stages, and the diverse set of spectral lines allowed us to trace different physical and chemical properties. We identified several velocity components that may stem from accretion flows onto the most massive central star-forming gas clump and from gas that can be affected by the evolving HII region. Employing the HCN/HNC intensity ratio, we derived a large-scale gas temperature map of the region and set it into context with temperatures derived at lower angular resolution from Herschel far-infrared data (Marsh et al. 2017). Furthermore, we explored how much the rarer isotopolog ratio H13CN/HN13C may potentially be used complementary in the highest column density parts of these star-forming regions. An analysis of the DCO+ emission showed that its emission is almost exclusively identified in cold regions with gas temperatures below 20 K. In addition to this, we investigated the slope of the power spectra for the dense gas tracers HCO+, H13CO+, and N2H+. While the slope of the power spectra in a purely turbulence-dominated regime typically observed for example in HI emission is −11/3, optical depth effects can flatten it up to −3. For the dense gas tracers investigated here, we found slopes of −2.9, −2.7, and −2.6, respectively. These flatter slopes are expected for increased Mach numbers and/or self-gravity that becomes dominant compared to the initial turbulent conditions. Because the DR20 region is actively forming stars and is hence dominated by gravity, the flatter slopes of the power spectra agree with the physical status of the region.
The analysis of this initial DR20 dataset outlines the enormous potential of this MIOP on star formation in Cygnus X. CASCADE will allow us detailed investigation of the different physical and chemical aspects and their interrelations from the scale of the natal molecular cloud down to the scale of accretion on the individual protostellar cores.
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Appendix A  Additional figures and line table
	[image: thumbnail]	Fig. A.1 Integrated intensities for the species marked in each panel. The integration ranges are always from −7 to 3 km s−1. Only for HCN and H13CN were broader integration ranges from −14 to 8 km s−1 used to cover all hyperfine structures of the line. The data were clipped below the 4σ level for each species (Table 1).



	[image: thumbnail]	Fig. A.2 Integrated intensities for the species marked in each panel. The integration ranges are always from −7 to 3 km s−1. The data were clipped below the 4σ level for each species (Table 1).



	[image: thumbnail]	Fig. A.3 Channel maps of the central third of DR20 in the HCO+(1 − 0) and H13CO+ (1 − 0) emission lines. The color and black contours show the HCO+(1 − 0) emission, whereas the white contours present the H13CO+(1 − 0). Contour levels are always in 5σ steps, and the central velocity is marked in each panel.
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2 At the lower frequencies close to 5.8 GHz, the optically thin assumption may not even be valid. Hence, the extrapolated free-free contributions could also be lower limits.
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	[image: thumbnail]	Fig. 1 Cygnus X as seen in Herschel SPIRE 250 um (green contours) and PACS 70 um emission (grayscale, from the HOBYS program, Motte et al. 2010). The red triangles show the mm clumps previously identified in 11″ resolution 1.1 mm single-dish mapping (Motte et al. 2007). The blue squares indicate the 16 arcmin2 NOEMA mosaics. To the right, a zoom into the DR21 ridge is shown.
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	[image: thumbnail]	Fig. 3 Overview of the DR20 region. Top panel: Radio continuum emission from the GLOSTAR survey at 5.8 GHz with an angular resolution of 19” (corresponding to 0.13pc) is shown on the color scale (Brunthaler et al. 2021). The turquoise contours present the HCO+(1 – 0) data obtained with the IRAM 30 m telescope, integrated between −7 and 3kms−1. Contour levels start at 4σ = 3.4 K kms−1 and continue in 4σ steps. Bottom panel: Dust temperature map derived from the Herschel far-infrared continuum data by Marsh et al. (2017) is show on the color scale. In both panels, the black contours show the H2 column density map derived by Marsh et al. (2017) at contour levels between 1022 and 5 × 1022 cm−2 (step 1 × 1022). A linear scale-bar is shown at the left. The six main regions A to F are marked, and a triangle shows the position of the class II CH3OH maser associated with B that has been determined by Ortiz-León et al. (2021).
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	[image: thumbnail]	Fig. 4 Spitzer 8 and 4.5 data on the color scale. The black contours again show the H2 column density map in contour levels between 1022 and 5 × 1022 cm−2 (step 1 × 1022 cm−2).
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	[image: thumbnail]	Fig. 5 Millimeter continuum and selected integrated intensity images. The upper left panel shows the 3.6 mm continuum emission (NOEMA only), and the other panels show integrated intensity images for the species marked in each panel (NOEMA+30m). For the latter, the integration ranges are always from −7 to 3 km s−1. The data were clipped below the 4σ level for each species (Table 1). The bottom right panel also shows a linear scale-bar. The six main regions A to F are labeled in the continuum panel. The continuum image also shows the lower continuum contour levels in 6σ steps of 0.3 mJy beam−1 up to 0.9 mJy beam−1. Additional maps for other species are shown in Figs. A.1 and A.2.
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	[image: thumbnail]	Fig. 6 Integrated intensities (top), first- (middle) and second -moment (bottom) maps of the H44α radio recombination line are shown in color scale panel. The integration ranges are always from −20 to 20 km s−1. The data were clipped below the 4σ level (Table 1). The contours show the 3.6 mm continuum data on contour levels from 8 to 78 mJy beam−1 (step 10 mJy beam−1). The beam is shown in the bottom left corner of each panel.
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	[image: thumbnail]	Fig. 7 First-moment maps. The colour scale always shows the first moment for the labeled species. The black contours outline the integrated emission of the same species contoured always from 0.1 to 2.9 Jy beam−1 km s−1 in steps of 0.3 Jy beam−1 km s−1. The thick black contours in the top left panel show the GLOSTAR 5.8 GHz continuum data between 0.02 and 0.12 Jy beam−1 in steps of 0.01 Jy beam−1. The 3.6 mm continuum peak positions are marked with five-point stars.
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	[image: thumbnail]	Fig. 8 Channel maps of the western third of DR20 around region A in the HCO+(1 − 0) and H13CO+(1 − 0) emission lines. The colored and black contours show the HCO+(1 − 0) emission, whereas the white contours present the H13CO+(1 − 0) emission. Contour levels are always in 5σ steps, and the central velocity is marked in each panel. The magenta five-point stars marks the position of the main continuum peak (Fig. 5). The yellow contours in the first and last panel outline the GLOSTAR cm continuum data from 0.03 to 0.12 Jy beam−1 in steps of 0.01 Jy beam−1.
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	[image: thumbnail]	Fig. 9 HCO+(1 − 0) and H13CO+(1 − 0) spectra in black and red, respectively, toward the northwestern region A of DR20. The y-axis of the spectra shows the flux densities in units of Jy beam−1. The color-scale in the bottom right panel shows the corresponding HCO+ first-moment map, in which the stars mark the positions of the presented spectra. The contours show the HCO+(1 − 0) integrated intensity map (from −7 to 3 km s−1) from 5 to 95% of the peak emission in steps of 10%.
In the text



	[image: thumbnail]	Fig. 10 Second-moment maps: the color scale always shows the second-moment for the labeled species. The black contours outline the integrated emission of the same species, always contoured from 0.1 to 2.9 Jy beam−1 km s−1 in steps of 0.3 Jy beam−1 km s−1. The 3.6 mm continuum peak positions are marked with five-point stars.
In the text



	[image: thumbnail]	Fig. 11 Temperature map from the HCN/HNC ratio. The color-scale shows the temperature map derived from the integrated intensity ratios of the HCN(1−0) and HNC(1−0) line following Hacar et al. (2020). The black contours show the GLOSTAR cm continuum emission from 20 to 100 mJy beam−1 in steps of 10 mJy beam−1. The 3.6 mm continuum positions are marked as five-point stars. A linear scale-bar is shown at the left, and the six main regions A to F are labeled.
In the text



	[image: thumbnail]	Fig. 12 Zoom of the temperature map for the northwestern area around clump A. The color-scale again shows the temperature map derived from the integrated intensity ratios of the HCN(1−0) and HNC(1−0) line following Hacar et al. (2020). The contours outline HCO+ and H13CO+ emission structures at specific velocities (Fig. 8). Full black contours plot HCO+ at −6km s−1, dotted contours show HCO+ at 2.8km s−1, and magenta contours show H13CO+ at -2.8km s-1. Contour levels for HCO+ start at 5σ and continue in 10σ steps. For H13CO+ only the 5σ contour of 6 mJy beam−1 is shown.
In the text



	[image: thumbnail]	Fig. 13 Temperature ratio map and column density maps at different temperatures. Top panel: ratio map of the temperatures derived from the Herschel far-infrared data (Fig. 3; Marsh et al. 2017) vs. the temperature map obtained from the HCN/HNC ratio (Fig. 11). For this ratio map, the HCN and HNC data were first smoothed to the 12″ resolution of the dust temperature map. The black contours show the H2 column density map derived by Marsh et al. (2017) at contour levels between 1022 and 5 × 1022 cm−2 (step 1 × 1022 cm−2). A linear scale-bar is shown to the left. The bottom three panels show the H2 column densities derived at different temperatures (as marked in the panels) as outlined in Marsh et al. (2017). The six main regions A to F are marked in all panels.
In the text



	[image: thumbnail]	Fig. 14 Temperature maps using also the H13CN/HN13C ratio. Top panel: temperature map derived from the integrated intensity ratios of the H13CN(1–0) and HN13C(1–0) line following the procedure outlined in Hacar et al. (2020) for the main isotopologs. The five-point stars mark the 3.6 mm continuum peak positions of region A and B. The bottom panel presents the corresponding temperature map where the temperatures derived from HCN/HNC and Hi3CN/HNi3C are combined (see main text for procedure).
In the text



	[image: thumbnail]	Fig. 15 Integrated DCO+(1 – 0) contours in yellow on H13CO+(1 − 0) emission in color. The integration regimes for the two molecular transitions are from −7 to 3 km s−1. The yellow DCO+ contours are from 50 to 500 mJy beam−1km s−1 in steps of 50 mJy beam−1 k ms−1. The black contours show the GLOSTAR cm continuum emission from 20 to 100 mJy beam−1 in steps of 10 mJy beam−1. A linear scale-bar is shown to the left, and the six main regions A to F are labeled and marked by five-point stars.
In the text



	[image: thumbnail]	Fig. 16 Power spectra derived in DR20 for HCO+ (1 − 0), H13CO+(1 − 0) and N2H+(1 − 0). The dots and colored area correspond to the HCO+ data and their 1 σ uncertainty. The black line is the fit to the data between 5″ and 90″. For comparison, we show the fits to the corresponding H13CO+ and N2H+ in blue and green. The bottom panel presents the residuals of the HCO+ fit.
In the text



	[image: thumbnail]	Fig. A.1 Integrated intensities for the species marked in each panel. The integration ranges are always from −7 to 3 km s−1. Only for HCN and H13CN were broader integration ranges from −14 to 8 km s−1 used to cover all hyperfine structures of the line. The data were clipped below the 4σ level for each species (Table 1).
In the text



	[image: thumbnail]	Fig. A.2 Integrated intensities for the species marked in each panel. The integration ranges are always from −7 to 3 km s−1. The data were clipped below the 4σ level for each species (Table 1).
In the text



	[image: thumbnail]	Fig. A.3 Channel maps of the central third of DR20 in the HCO+(1 − 0) and H13CO+ (1 − 0) emission lines. The color and black contours show the HCO+(1 − 0) emission, whereas the white contours present the H13CO+(1 − 0). Contour levels are always in 5σ steps, and the central velocity is marked in each panel.
In the text





    
      Fig. 3 
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        Overview of the DR20 region. Top panel: Radio continuum emission from the GLOSTAR survey at 5.8 GHz with an angular resolution of 19” (corresponding to 0.13pc) is shown on the color scale (Brunthaler et al. 2021). The turquoise contours present the HCO+(1 – 0) data obtained with the IRAM 30 m telescope, integrated between −7 and 3kms−1. Contour levels start at 4σ = 3.4 K kms−1 and continue in 4σ steps. Bottom panel: Dust temperature map derived from the Herschel far-infrared continuum data by Marsh et al. (2017) is show on the color scale. In both panels, the black contours show the H2 column density map derived by Marsh et al. (2017) at contour levels between 1022 and 5 × 1022 cm−2 (step 1 × 1022). A linear scale-bar is shown at the left. The six main regions A to F are marked, and a triangle shows the position of the class II CH3OH maser associated with B that has been determined by Ortiz-León et al. (2021).

      

    

  
    
      Fig. 5 
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        Millimeter continuum and selected integrated intensity images. The upper left panel shows the 3.6 mm continuum emission (NOEMA only), and the other panels show integrated intensity images for the species marked in each panel (NOEMA+30m). For the latter, the integration ranges are always from −7 to 3 km s−1. The data were clipped below the 4σ level for each species (Table 1). The bottom right panel also shows a linear scale-bar. The six main regions A to F are labeled in the continuum panel. The continuum image also shows the lower continuum contour levels in 6σ steps of 0.3 mJy beam−1 up to 0.9 mJy beam−1. Additional maps for other species are shown in Figs. A.1 and A.2.
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        First-moment maps. The colour scale always shows the first moment for the labeled species. The black contours outline the integrated emission of the same species contoured always from 0.1 to 2.9 Jy beam−1 km s−1 in steps of 0.3 Jy beam−1 km s−1. The thick black contours in the top left panel show the GLOSTAR 5.8 GHz continuum data between 0.02 and 0.12 Jy beam−1 in steps of 0.01 Jy beam−1. The 3.6 mm continuum peak positions are marked with five-point stars.

      

    

  
    
      Fig. 10 
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        Second-moment maps: the color scale always shows the second-moment for the labeled species. The black contours outline the integrated emission of the same species, always contoured from 0.1 to 2.9 Jy beam−1 km s−1 in steps of 0.3 Jy beam−1 km s−1. The 3.6 mm continuum peak positions are marked with five-point stars.

      

    

  
    
      Fig. 11 
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        Temperature map from the HCN/HNC ratio. The color-scale shows the temperature map derived from the integrated intensity ratios of the HCN(1−0) and HNC(1−0) line following Hacar et al. (2020). The black contours show the GLOSTAR cm continuum emission from 20 to 100 mJy beam−1 in steps of 10 mJy beam−1. The 3.6 mm continuum positions are marked as five-point stars. A linear scale-bar is shown at the left, and the six main regions A to F are labeled.

      

    

  
    
      Fig. 12 
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        Zoom of the temperature map for the northwestern area around clump A. The color-scale again shows the temperature map derived from the integrated intensity ratios of the HCN(1−0) and HNC(1−0) line following Hacar et al. (2020). The contours outline HCO+ and H13CO+ emission structures at specific velocities (Fig. 8). Full black contours plot HCO+ at −6km s−1, dotted contours show HCO+ at 2.8km s−1, and magenta contours show H13CO+ at -2.8km s-1. Contour levels for HCO+ start at 5σ and continue in 10σ steps. For H13CO+ only the 5σ contour of 6 mJy beam−1 is shown.

      

    

  
    
      Fig. 13 
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        Temperature ratio map and column density maps at different temperatures. Top panel: ratio map of the temperatures derived from the Herschel far-infrared data (Fig. 3; Marsh et al. 2017) vs. the temperature map obtained from the HCN/HNC ratio (Fig. 11). For this ratio map, the HCN and HNC data were first smoothed to the 12″ resolution of the dust temperature map. The black contours show the H2 column density map derived by Marsh et al. (2017) at contour levels between 1022 and 5 × 1022 cm−2 (step 1 × 1022 cm−2). A linear scale-bar is shown to the left. The bottom three panels show the H2 column densities derived at different temperatures (as marked in the panels) as outlined in Marsh et al. (2017). The six main regions A to F are marked in all panels.

      

    

  
    
      Fig. 14 
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        Temperature maps using also the H13CN/HN13C ratio. Top panel: temperature map derived from the integrated intensity ratios of the H13CN(1–0) and HN13C(1–0) line following the procedure outlined in Hacar et al. (2020) for the main isotopologs. The five-point stars mark the 3.6 mm continuum peak positions of region A and B. The bottom panel presents the corresponding temperature map where the temperatures derived from HCN/HNC and Hi3CN/HNi3C are combined (see main text for procedure).

      

    

  
    
      Fig. 15 
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        Integrated DCO+(1 – 0) contours in yellow on H13CO+(1 − 0) emission in color. The integration regimes for the two molecular transitions are from −7 to 3 km s−1. The yellow DCO+ contours are from 50 to 500 mJy beam−1km s−1 in steps of 50 mJy beam−1 k ms−1. The black contours show the GLOSTAR cm continuum emission from 20 to 100 mJy beam−1 in steps of 10 mJy beam−1. A linear scale-bar is shown to the left, and the six main regions A to F are labeled and marked by five-point stars.

      

    

  
    
      Fig. 16 
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        Power spectra derived in DR20 for HCO+ (1 − 0), H13CO+(1 − 0) and N2H+(1 − 0). The dots and colored area correspond to the HCO+ data and their 1 σ uncertainty. The black line is the fit to the data between 5″ and 90″. For comparison, we show the fits to the corresponding H13CO+ and N2H+ in blue and green. The bottom panel presents the residuals of the HCO+ fit.
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