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Abstract

Context. The presence of three more Herbig Ae/Be (HAeBe) candidates in the Cepheus Flare within a 1.5° radius centered on HD 200775 suggests that star formation is prevalent in a wider region of the LDN 1147/1158, LDN 1172/1174, and LDN 1177 clouds. A number of young stellar objects (YSOs) are found to be distributed toward these cloud complexes along with the HAeBe stars. Various star formation studies clearly indicate ongoing low-mass star formation inside the clouds of this region. Sources associated with less near-infrared excess and less Hα emission raise the possibility that more low-mass YSOs, which were not identified in previous studies, are present in this region.

Aims. The aim is to conduct a search for additional young sources that are kinematically associated with the previously known YSOs and to characterize their properties.

Methods. Based on the Gaia DR2 distances and proper motions, we found that the HAeBe candidates BD+68°1118, HD 200775, and PV Cep are all spatially and kinematically associated with previously known YSOs. Based on the Gaia DR2 data, we identified a number of co-moving sources around BD+68°1118. These sources are characterized using optical and near-infrared color-color and color-magnitude diagrams.

Results. We estimated a distance of 340 ± 7 pc to the whole association that contains BD+68°1118, HD 200775, and PV Cep. Based on the distance and proper motions of all the known YSOs, a total of 74 additional co-moving sources are found in this region, of which 39 form a loose association surrounding BD+68°1118. These sources are predominantly M-type sources with ages of ∼10 Myr and no or very little near-infrared excess emission. The distribution of co-moving sources around BD+68°1118 is much more scattered than that of sources found around HD 200775. The positive expansion coefficients obtained via the projected internal motions of the sources surrounding BD+68°1118 and HD 200775 show that the co-moving sources are in a state of expansion with respect to their HAeBe stars. A spatio-temporal gradient of these sources toward the center of the Cepheus Flare Shell supports the concept of star formation triggered by external impacts.
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1. Introduction
It is now widely accepted that a majority of star formation in the Galaxy does not occur in isolation but happens in groups or clusters (e.g., Elmegreen & Clemens 1985; Evans 1999; Carpenter 2000; Lada & Lada 2003). These aggregations are characterized by the number of members (N) contained in them and are often classified as groups if N < 100 and clusters if N > 100 (e.g., Adams & Myers 2001). The richness of a stellar system depends on its most massive member, with low-mass stars forming in small loose aggregates and high-mass stars usually found in dense clusters (Zinnecker & Yorke 2007). There is a growing body of evidence that even the Sun was formed in a group or cluster of stars, with a high-mass star that exploded as a supernova while our Sun was in its early stage of formation (e.g., Looney et al. 2006; Adams 2010). The intermediate-mass stars falling in the mass interval 2 ≲ M/M⊙ ≲ 10 are therefore of particular interest as they form a connection between well-understood low-mass star formation and the enigmatic high-mass star formation. The pre-main-sequence (PMS) stars that fall in the above mass range are known as Herbig Ae/Be (HAeBe) stars (Herbig 1960; Waters & Waelkens 1998). First categorized by Herbig (1960), HAeBe stars are of spectral types B, A, and F, show emission lines, are located in an obscured region, and illuminate bright nebulas in their immediate vicinities. However, later observations revealed that these types of sources can be found in isolation and show infrared (IR) excess due to the presence of circumstellar disks (Hu et al. 1989; Oudmaijer et al. 1992; The et al. 1994; Waters & Waelkens 1998; van den Ancker et al. 2000; Meeus et al. 2001). Several astrometric and spectroscopic studies have recently been carried out on a large number of HAeBe stars compiled from the literature (Fairlamb et al. 2015; Vioque et al. 2018; Arun et al. 2019; Wichittanakom et al. 2020).
Several photometric studies of the fields containing HAeBe stars were performed in near-IR (Testi et al. 1997, 1998, 1999; Wang & Looney 2007) and mid-IR (Habart et al. 2003) bands. These studies were based on the notion that the reduced extinction at these wavelength regimes would allow the detection of accompanying populations of low-mass embedded young stellar objects (YSOs) that might have possibly formed along with HAeBe stars in the same star formation event. The results suggested an apparent relationship between the spectral type of HAeBe stars and the richness of the embedded population around them. While early-type Be stars are usually found within rich clusters, late-type Be and Ae stars are never associated with any discernible group of YSOs (Testi et al. 1997, 1998, 1999).
The low-mass counterparts of HAeBe stars are T Tauri stars (TTSs): YSOs that show Balmer lines of hydrogen in emission (Appenzeller & Mundt 1989), which is considered a sign of active accretion of material from the surrounding circumstellar disk. Based on the equivalent width (EW) of Hα emission lines, TTSs are classified into classical T Tauri stars (CTTSs) and weak-line T Tauri stars (WTTSs). Classical T Tauri stars show a relatively high EW of Hα emission due to the accretion of circumstellar material. In WTTSs, the Hα is either weakly present – with EWs typically ≲10 Å, which is considered to originate from the chromosphere (Barrado y Navascués & Martín 2003) – or absent (naked TTSs). Based on an empirical sequence, YSOs can also be classified using the slope of their spectral energy distribution (SED) in the near-IR to submillimeter wavelengths. The low-mass YSOs that are deeply embedded are classified as “Class 0” objects, whereas those that are more evolved but still embedded in their envelope are “Class I” objects. Sources showing excess IR emission due to the presence of circumstellar material in a flattened geometry are “Class II” objects, and sources having little or no IR excess emission are “Class III” objects (Lada 1987; Andre et al. 1993; Greene et al. 1994). Though refinements to the above classification scheme were suggested in subsequent studies (e.g., Robitaille et al. 2007; Evans et al. 2009; McClure et al. 2010), it adequately presents an evolutionary sequence of YSOs. The Class II and Class III objects generally correspond to CTTSs and WTTSs, respectively. Thus, low-mass YSOs can be identified by carrying out photometry in near- and mid-IR bands as well as with Hα surveys to detect emission line sources. Acquiring the physical properties of high-mass HAeBe stars and low-mass TTSs is necessary for a full understanding of their formation and evolution.
Of the HAeBe stars studied by Testi et al. (1998), HD 200775 was found to be peculiar as no surface density enhancement was detected despite it being a B2/3Ve spectral type star (The et al. 1994; Manoj et al. 2006). HD 200775 is responsible for illuminating a bright reflection nebula, NGC 7023. This nebula is located at the northern edge of an elongated molecular cloud, LDN 1172/1174 (hereafter L1172/1174; Lynds 1962), situated at a relatively high Galactic latitude (l ∼ 104.1°, b ∼ +14.2°) in the Cepheus Flare region at a distance of 335 ± 11 pc (Saha et al. 2020, hereafter Paper I). Kun et al. (2009) conducted a comprehensive study of star formation toward the Cepheus Flare region, in which several signposts of low- to intermediate-mass star formation were analyzed. Another cloud complex, LDN 1147/1158 (hereafter L1147/1158), located about 2° to the west of L1172/1174, is also found to be located at a distance of 340 ± 3 pc (Sharma et al. 2020), consistent with that of L1172/1174. In addition to these, LDN 1177 (hereafter L1177), also known as CB 230 (Clemens & Barvainis 1988), is located to the east of L1172/1174 at an angular distance of 1.5°. One of its stars, BD+67°1300, which illuminates the reflection nebula GN 21.15.8 (Magakian 2003) and is hence associated with L1177 (Kun et al. 2009), is found to be at a distance of 341[image: equation] pc (Bailer-Jones et al. 2018). The large-scale 13CO (J = 1−0) survey of the Cepheus and Cassiopia region made by Yonekura et al. (1997) showed that these clouds share similar radial velocities (2.7−2.9 km s−1), suggesting that all three regions are both spatially and kinematically connected.
PV Cep, associated with the reflection nebula GM 29 (Gyulbudaghian & Maghakian 1977), is an irregular eruptive protostar (Cohen et al. 1977) situated at the northeastern edge of the L1147/1158 complex. As PV Cep is highly variable, its nature is not very clear, although it has been studied extensively at different wavelengths. Cohen et al. (1981) estimated the spectral type of PV Cep to be A5 based on the Balmer absorption lines, which were absent after the 1977−1979 outburst. It could be possible that the spectrum represented only a shell spectrum (Cohen et al. 1981). Later, an absorption spectrum similar to that of a G8-K0 spectral type was reported by Magakian & Movsesian (2001). Additionally, the combination of the presence of H2O MASER emission, a relatively massive circumstellar disk, a spectrum showing UV pumped lines in emission, and a high jet velocity supports the conjecture that PV Cep is an embedded and young Herbig Ae star (Caratti o Garatti et al. 2013). Two emission line stars, HD 203024 and BD+68°1118, are found to be located in the north, toward the outer edge of the diffuse part of L1177. Both the stars, which are of B8.5V spectral type, were classified as HAeBe candidates by Kun et al. (2000) and are considered to be part of the region. Later, Kun et al. (2009) estimated the spectral type of BD+68°1118 to be A2. The distance and the proper motion values of BD+68°1118 ([image: equation] pc, μα⋆ = 7.778 ± 0.042 mas yr−1, μδ = −0.992 ± 0.040 mas yr−1) and PV Cep ([image: equation] pc, μα⋆ = 8.228 ± 0.126 mas yr−1, μδ = −1.976 ± 0.110 mas yr−1) obtained from the second Gaia data release (Gaia DR2) are found to be consistent with those of L1172/1174, as shown in Paper I. Thus, there are at least three early-type sources, namely HD 200775, BD+68°1118, and PV Cep (there is no Gaia DR2 data for HD 203024), associated with the three star forming regions. These results imply that star formation is prevalent around L1172/1174 and extends over a wider area. The molecular cloud groups L1147/1158, L1172/1174, and L1177, the intermediate-mass stars PV Cep, HD 200775, BD+68°1118, and HD 203024, and the known YSO candidates found toward the region are shown in Fig. 1. Paper I presents the identification of 20 new co-moving sources around HD 200775. The question remains as to whether there are new co-moving sources associated with BD+68°1118 and PV Cep as well. A majority of new co-moving sources found around HD 200775 are low-mass stars that have considerably low near- and mid-IR excess emission. Spectroscopy of some sources shows Hα in emission but with smaller EWs (∼10 Å). Consequently, they escape detection in large-scale Hα, near-IR, and mid-IR surveys. Therefore, it is possible that co-moving sources could exist around the neighboring HAeBe stars as well. In this study, we searched for this category of sources and conducted a preliminary study of them.
	[image: thumbnail]	Fig. 1. Area studied in this work, shown in a 5° ×5° Planck 857 GHz image. The regions include the L1147/1158, L1172/1174, and L1177 cloud groups. The circles and the rectangle show the extent of these groups. Positions of four intermediate-mass stars, HD 203024, BD+68°1118, HD 200775, and PV Cep, are indicated by yellow star symbols. The black filled circles show the locations of YSO candidates obtained from the literature and not detected in Gaia DR2. The green filled circles indicate the YSO candidates that have reliable detection in Gaia DR2.



The investigation for additional co-moving sources was made toward a circular region of radius 3.5° centered on HD 200775 that contains the cloud groups L1147/1158, L1172/1174, and L1177, using Gaia DR2. Based on optical and IR color-color (CC) diagrams and color-magnitude diagrams (CMDs), we describe their characteristics. A complete census of young sources associated with a region is important since knowledge of their spatial distribution is key to understanding its star formation history. This paper is organized as follows. We present the archival data used in this work in Sect. 2, discuss our results in Sect. 3, and conclude with a summary in Sect. 4.
2. Archival data
Gaia DR2 (Gaia Collaboration 2018) presents the positions, parallaxes, and proper motions of more than a billion objects with unprecedented precision. However, if the relative uncertainties in parallax values are ≳20%, the corresponding distances will not follow the simple inversion of their parallaxes (Bailer-Jones 2015). Recently, Bailer-Jones et al. (2018) provided a probabilistic estimate of the stellar distances from the parallax measurements (provided by Gaia DR2) using an exponentially decreasing space density prior, which is based on a galactic model. In our analysis, we obtained the stellar distances and proper motion values from Bailer-Jones et al. (2018) and from Gaia Collaboration (2018), respectively, by searching within a radius of 1″ around the source positions.
To characterize the properties of the co-moving sources identified in this work, we obtained their 2MASS (Skrutskie et al. 2006) and WISE (Wright et al. 2010) magnitudes from the Cutri et al. (2003) and Cutri et al. (2012) catalogs, respectively. We also acquired Pan-STARRS photometric data from Chambers et al. (2016). Only sources with photometric quality “A” (S/N ≥ 10) in all bands were considered.
3. Results and discussion
3.1. Search for co-moving sources around BD+68°1118, HD 200775, and PV Cep
In Paper I, a total of 58 YSO candidates were identified in the vicinity of L1172/1174. In addition, we also found 22 and 13 sources in the vicinities of L1147/1158 and L1177, respectively (Kun 1998; Dunham et al. 2008, and references in Paper I). Applying the selection criteria described in Paper I, we obtained Gaia DR2 counterparts for 24 sources (seven from L1147/1158, fifteen from L1172/1174, and two from L1177), well within a search radius of 1″, that had renormalized unit weight errors (RUWEs1; Lindegren 2018) ⩽ 1.5. Of the 24 sources, 18 have RUWE ⩽ 1.4 and 4 have 1.4 < RUWE ⩽ 1.5. To also include the latter sources in our analysis, we adopted the limiting value of RUWE to be 1.5 instead of the typical value of 1.4 (Lindegren 2018) as one of our criteria for selecting the sources. Though the RUWE value for HD 200775 is ∼1.6, we also included it in our analysis. One source, Gaia DR2 2270941147188904704, associated with L1147/1158, has no estimated RUWE, nor does it have GBP or GRP values in the Gaia DR2 catalog; however, it has reliable proper motion and distance measurements (m/σm ⩾ 3) and hence is included in our analysis. Table A.1 lists the YSO candidates toward L1147/1158 and L1177. The 15 YSO candidates toward L1172/1174 are already listed in Table 3 of Paper I, with the exception of sources #6, #12, #16, #17, and #18; these 15 sources are therefore not shown in the present paper. We obtained the medians and median absolute deviations (MADs) of d, μα⋆, and μδ for these 24 YSO candidates. The medians are d = 340 ± 7 pc, μα⋆ = 7.580 ± 0.434 mas yr−1, and μδ = −1.495 ± 0.242 mas yr−1. The Gaia DR2 results for the YSO candidates from L1147/1158 (blue), L1172/1174 (red), and L1177 (green) are shown in Fig. 2. Twenty-one sources are found to form a tight group, while three sources belonging to the L1147/1158 region seem to be clear outliers. Considering that all the sources that form the tighter group fall within six times the MAD values, we used this as the criterion to select additional co-moving sources from the regions.
	[image: thumbnail]	Fig. 2. Proper motion values of the known YSO candidates as a function of their distances, obtained from Gaia DR2. The triangles and circles in blue, red, and green represent the d − μα⋆ and d − μδ values of the sources located toward L1147/1158, L1172/1174, and L1177, respectively. The error ellipses corresponding to three times the MAD (darker shade) and six times the MAD (lighter shade) in proper motion and distance values are drawn. The locations of HD 200775, BD+68°1118, and PV Cep are also marked. The dashed lines show the median values of d, μα⋆, and μδ.



In order to identify the co-moving sources around BD+68°1118 and PV Cep, we first obtained the proper motions and distances of all the sources that fall within a circular region of radius 3.5° centered on HD 200775. The choice of the search region was made based on the fact that all 94 YSO candidates identified in the vicinities of L1147/1158, L1172/1174, and L1177 fall within this circular region. While a uniform distribution of co-moving sources in the search area could imply that they are just a chance projection of field stars, a clustered distribution nearer to any of the existing star forming regions would imply that they are likely to be members of the respective star forming regions. In Paper I, we obtained a group of young co-moving sources around HD 200775 in L1172/1174. Here, we investigate if there are additional co-moving sources that are clustered around L1147/1158 and L1177. Our search provides a total of 62 637 sources within the circular area of radius 3.5°. To select the sources, we again used the same three criteria that we used for selecting the Gaia DR2 counterparts for the known YSO candidates (m/σm ⩾ 3, distance ⩽ 1 kpc, RUWE ⩽ 1.5). Of the 62 637 sources, 74 are found within the ellipses defined by the six times the MAD values of proper motions and distance and drawn at the median values obtained for the known YSO candidates.
The proper motion and distance values of the 74 co-moving sources and the previously known YSO candidates are shown in Fig. 3. As in the case of the known YSO candidates, a similar clustering of a number of sources is apparent. The μα⋆ − μδ values of both the co-moving and the YSO candidates are shown in Fig. 4. A clustering of sources is clearly noticeable when compared with the sources that fall outside the ellipses in Fig. 4. Some of the sources that fall inside the ellipse in Fig. 4 but were not selected are those that do not satisfy the distance criterion. They fall just outside the ellipses drawn in Fig. 3. The distribution of the known YSO candidates (red circles) and the 74 co-moving sources (yellow circles) are shown in the color-composite image made using Planck 353, 545, and 857 GHz images in Fig. 5. The distribution of the co-moving sources is not uniform over the entire search area but rather concentrated mainly toward HD 200775, BD+68°1118, and HD 203024.
	[image: thumbnail]	Fig. 3. Proper motion vs. distance plot for the known YSO candidates and the newly identified co-moving sources. The filled triangles and circles in red represent the d − μα⋆ and d − μδ values, respectively, of the known YSO candidates in L1147/1158, L1172/1174, and L1177. The open blue triangles and circles are the d − μα⋆ and d − μδ values of the co-moving sources, respectively. The locations of HD 200775, BD+68°1118, and PV Cep are identified by square boxes. The gray ellipses represent the boundaries of the proper motion values and the distance ranges used to identify the new co-moving sources. The dashed lines show the median values of d, μα⋆, and μδ.



	[image: thumbnail]	Fig. 4. μδ vs. μα⋆ plot for the known YSO candidates and for the co-moving sources. Filled red circles represent proper motion values of known YSO candidates in L1147/1158, L1172/1174, and L1177. Open black squares mark PV Cep, HD 200775, and BD+68°1118. The open blue circles represent the same for the co-moving sources. The gray ellipse shows the boundary of the proper motion values considered when selecting the co-moving sources. The open black circles represent sources not satisfying the six times the MAD conditions in distance and proper motion values. The dashed lines show the median values of μα⋆ and μδ.



	[image: thumbnail]	Fig. 5. Proper motion plot for the YSO candidates (red arrows) and co-moving sources (yellow arrows), overplotted on the color-composite image of Planck 353 GHz (red), 545 GHz (green), and 857 GHz (blue) images. The YSO candidates without detection in Gaia DR2 are represented by filled red circles. HD 200775, HD 203024, BD+68°1118, and PV Cep are indicated by cyan star symbols. A vector of proper motion 8 mas yr−1 is shown as a reference.



3.2. Properties of the co-moving sources
3.2.1. Gaia DR2 color-magnitude diagram
In Fig. 6 we show the MG versus (G − GRP) CMD for the known YSO candidates and the newly identified co-moving sources found from this study. The G and GRP magnitudes for the 21 YSO candidates and the 74 co-moving sources are obtained from the Gaia DR2 database. A similar plot was presented and discussed in Paper I (Fig. 13). The PMS isochrones corresponding to 0.1, 0.5, 1, 3, 10, and 60 Myr are also shown in Fig. 6. We used two grids of models, the CIFIST (Cosmological Impact of the First STars) 2011_20152 models for low-mass stars (thick curves in black; Baraffe et al. 2015) and the Padova tracks PARSEC (PAdova and TRieste Stellar Evolution Code) 3.33 for the higher-mass stars (dashed curves in black; Marigo et al. 2017). The HAeBe stars, CTTSs, and WTTSs were obtained from The et al. (1994) and Wahhaj et al. (2010), respectively. Out of the 21 YSO candidates that have reliable detection in Gaia DR2, extinction values for only 12 of them are available in Kun et al. (2009). As almost half of the sources show a lack of extinction values, we made an MG versus (G − GRP) CMD without extinction correction. In Fig. 6, HD 200775, BD+68°1118, and PV Cep are identified using red, cyan, and blue star symbols, respectively. Based on its location, we inferred an age of ∼10 Myr for BD+68°1118, which is consistent with the 7 Myr age estimated by Kun et al. (2009). We determined an age of ∼0.5 Myr for HD 200775, which is in agreement with the age estimates available in the literature (Alecian et al. 2008; Vioque et al. 2018; Arun et al. 2019). The position of PV Cep in Fig. 6 seems to imply that the star is in a very early stage of evolution (0.1 Myr; Fuente et al. 1998a).
	[image: thumbnail]	Fig. 6. MG vs. (G − GRP) color-magnitude plot of the YSO candidates and the co-moving sources. The dashed lines indicate the isochrones from PARSEC models (Marigo et al. 2017) for 0.1, 0.5, 1, and 10 Myr. The solid curves represent the same from CIFIST models (Baraffe et al. 2015) for 1, 3, 10, and 60 Myr. Filled blue, red, and cyan circles are the YSO candidates that have reliable Gaia DR2 data (with open black circles) or co-moving sources (without open black circles) toward L1147/1158 (PV Cep), L1172/1174 (HD 200775), and L1177 (BD+68°1118), respectively. The co-moving sources not associated with any of the cloud complexes are presented using filled black circles. The green, red, and blue plus symbols indicate the HAeBe stars, CTTSs, and WTTSs, respectively. The arrow represents an extinction of 1 magnitude.



Assuming that the YSO candidates and the co-moving sources are all initially formed very close to BD+68°1118, HD 200775, or PV Cep as an association or a group, we estimated the extent to which the sources could drift away due to their random velocity dispersion. Using a typical velocity dispersion of ∼1 kms−1 (e.g., Gomez et al. 1993; Foster et al. 2015), the age of the intermediate-mass star, and a distance of 340 pc, the estimated values were found to be ∼1.7° (∼10 pc), 0.5° (∼3 pc), and 0.02° (∼0.1 pc) for BD+68°1118, HD 200775, and PV Cep, respectively (indicated by the dashed cyan circles in Fig. 5 for each star). Though the location of HD 200775 in Fig. 6 suggests that it has an age of ∼0.5 Myr, the positions of the other known YSO candidates associated with the region (identified in Fig. 6 using filled red circles with a black halo) suggest a range in age from ∼1–3 Myr (also see Paper I). This is consistent with the median age of the YSO candidates (∼1.6 Myr) obtained by Kun et al. (2009). Thus, in the case of HD 200775, we used an age of 3 Myr in our calculation.
A total of 39 co-moving sources are found within the circular region of radius 1.7° centered on BD+68°1118, and 17 co-moving sources are found within the circular region of radius 0.5° around HD 200775. Even though a number of sources close to HD 200775 also fall within the 1.7° circle drawn at BD+68°1118, we assigned them to the HD 200775 group because of their proximity to the star. No co-moving sources are found close to PV Cep. The Gaia DR2 properties of the 39 co-moving sources around BD+68°1118 are presented in Table A.2. The 17 co-moving sources around HD 200775 were already published in Table 4 of Paper I, except #c1, #c2, and #c9; these 17 sources are therefore not presented here. The 18 co-moving sources that are not associated with any of these three regions are listed in Table A.2. As presented in Paper I, the co-moving sources belonging to HD 200775 show a well-defined sequence roughly following the 1–3 Myr isochrones, similar to the distribution of the known YSO candidates. In Paper I, we found that the spectroscopy of three co-moving sources belonging to the HD 200775 region shows Hα in emission; this is considered to be an indicator of their youth as the line is formed mainly due to the accretion process and stellar magnetic activity (Edwards et al. 1994; Muzerolle et al. 1998). It is evident that the co-moving sources surrounding BD+68°1118 show an age of ∼10 Myr, which is consistent with the age of BD+68°1118 itself.
3.2.2. The (g–r) versus (r–i) color-color diagram
In Fig. 7 we present a (g − r) versus (r − i) CC diagram for the sources studied here based on the data obtained from the Pan-STARRS catalog (Chambers et al. 2016), using a search radius of 1″ for individual sources. The gray dots represent the loci of main sequence stars selected from a region around the star 10 Lac that have spectral types in the range of A0 to M7. The spectral types of the sources were obtained from the Simbad database. We selected this region because the E(B − V) values estimated for 10 Lac (∼0.08; Wegner 2002, 2003; Maíz Apellániz & Barbá 2018) suggest that the direction toward it presents a region of low extinction at least up to the distance of the star (∼450 pc; Gaia Collaboration 2020). Of the 94 YSO candidates found in the region, we obtained g, r, and i data for 30 sources, 12 of which also have Gaia DR2 data. Out of the 74 co-moving sources found in the region, we obtained g, r, and i data for 65 sources.
	[image: thumbnail]	Fig. 7. (r − i) vs. (g − r) CC diagram for the known YSO candidates and the newly identified co-moving sources. Filled cyan, red, and blue circles represent co-moving sources identified toward BD+68°1118, HD 200775, and PV Cep, respectively. Filled cyan, red, and blue circles with open black circles represent known YSO candidates identified toward BD+68°1118, HD 200775, and PV Cep, respectively. Filled cyan, red, and blue triangles represent YSO candidates not detected or without reliable Gaia DR2 data identified toward BD+68°1118, HD 200775, and PV Cep, respectively. The co-moving sources not associated with any of the three regions are presented using filled black circles. The arrow represents the reddening vector corresponding to an AV of 1 magnitude.



Reddened and un-reddened M-dwarfs occupy a distinct locus in the (g − r) versus (r − i) CC diagram compared to the rest of the early main sequence stars and the giants, allowing us to distinguish them clearly. From Fig. 7, it is apparent that a majority of the sources identified as known YSO candidates and co-moving sources are M-dwarfs. Of these, the co-moving sources around BD+68°1118 and those not belonging to any of the three regions follow un-reddened M-dwarf loci, suggesting a negligible foreground extinction. Some of the YSO candidates may have a contribution from circumstellar material apart from the foreground extinction. Sources belonging to the HD 200775 and PV Cep regions are the ones that show relatively high extinction.
3.2.3. Near-IR and mid-IR properties
We investigated the near- and mid-IR properties of the newly found co-moving sources by obtaining their 2MASS and WISE magnitudes from the Cutri et al. (2003) and Cutri et al. (2012) catalogs, respectively. The region surrounding BD+68°1118 was not observed by the Spitzer satellite. Out of the 74 co-moving sources, we found 2MASS counterparts for 65 of them within a search radius of 1″. Of the 21 known YSO candidates with reliable Gaia DR2 data, we found 2MASS data for 18 of them. The known YSO candidates with reliable Gaia DR2 data and the co-moving sources are shown in the (J − H) versus (H − KS) CC diagram in Fig. 8a. While a majority of the known YSO candidates show a relatively high amount of extinction and near-IR excess, the newly identified co-moving sources exhibit relatively low extinction and show a small or negligible amount of near-IR excess emission. Based on the near-IR photometric study of PV Cep, Lorenzetti et al. (2011) found a significant variability at different epochs, the range of which is shown by an ellipse. The star shows extremely high near-IR excess and extinction, which is consistent with its very young age (≲1 Myr). The sources HD 200775 and BD+68°1118 occupy the region normally occupied by HAeBe stars. It is intriguing to note that, despite being a ∼10 Myr star, BD+68°1118 still shows significant near-IR excess. The co-moving sources around BD+68°1118, on the other hand, show little to no extinction or near-IR excess emission. A significant number of co-moving sources around HD 200775 show evidence of some amount of extinction but negligible near-IR excess emission. A majority of the co-moving sources found in the vicinity of BD+68°1118 are located along the loci occupied by the M-dwarfs, which is consistent with the deductions in Fig. 7.
	[image: thumbnail]	Fig. 8. Near- and mid-IR CC diagrams for the known YSO candidates and the newly identified co-moving sources. Symbols are the same as presented in Fig. 7. (a) (J − H) vs. (H − KS) CC diagram of the sources. The solid curves in green and magenta represent the loci of the un-reddened main sequence stars and the giants (Maheswar et al. 2010), respectively. The ellipse represents the range of variability of PV Cep, based on the time series observations by Lorenzetti et al. (2011). (b) WISE CC diagram of the sources. The dashed lines separate the regions occupied by the Class I and Class II sources (Koenig & Leisawitz 2014).



The WISE magnitudes of the sources were obtained from the catalog provided by Cutri et al. (2012), with a search radius of 3″. We selected only the W1, W2, and W3 bands since the majority of magnitudes given in the W4 band are only an upper limit. We verified the detection of the sources in each of the bands by inspecting them visually in the WISE images. We did this because we noticed that for a significant number of sources, though the magnitudes in the W3 and W4 μm bands are provided in the WISE catalog, no detection was found in the corresponding images. The results are shown in Fig. 8b in the [3.4]–[4.6] versus [4.6]–[11.6] CC diagram. Of the 74 co-moving sources, we found a counterpart for 29 in the WISE database. Out of the 21 YSO candidates with reliable Gaia DR2 data, we obtained WISE magnitudes for 13. Of the remaining known YSO candidates devoid of reliable data or without Gaia DR2 detections, we obtained WISE magnitudes for 24 sources. The distribution of the known YSO candidates and the co-moving sources are more distinguishable in Fig. 8b. Evidently, the known YSO candidates fall in a region generally populated by Class I and Class II objects. A majority of the newly identified co-moving sources fall in a region generally occupied by the Class III sources, consistent with our deductions in Figs. 7 and 8a.
In Fig. 9 we present an MH versus (H − KS) CMD for the previously known YSO candidates and the newly found co-moving sources. The PMS isochrones of 1 and 10 Myr are taken from the CIFIST models and are shown as red and green curves, respectively. The extent of variability observed for PV Cep (Lorenzetti et al. 2011) is again shown here using an ellipse. Evidently, the sources located in the vicinity of HD 200775 show higher values of (H − KS) colors compared to those of the sources identified toward the BD+68°1118 association. The higher (H − KS) colors of the sources toward HD 200775 could be due to the contribution of a substantial amount of circumstellar and interstellar material present along the line of sight, which is consistent with their relatively young ages.
	[image: thumbnail]	Fig. 9. MH vs. H − KS CMD for the known YSO candidates and the newly identified co-moving sources. Symbols are the same as presented in Fig. 7. The arrow represents an extinction of 1 magnitude. The ellipse has the same meaning as in Fig. 8a.



3.3. Spatial distribution of sources surrounding HD 200775 and BD+68°1118
HD 203024, which is located at an angular distance of ∼8.5′ (0.9 pc) west of BD+68°1118, is identified as a spectroscopic binary (Alecian et al. 2013). The effective temperatures and masses of the components are found to be 9250 K and 6500 K and 2.8 M⊙ and 1.6 M⊙, respectively. The ages of the components are estimated as 9.3 Myr and 2.7 Myr, respectively (Alecian et al. 2013). The binary nature of HD 203024 could be the reason why the parallax and proper motion solutions are not listed in Gaia DR2. Miroshnichenko et al. (1997) and Kun et al. (2000) detected Hα in emission. The assigned spectral type of the star ranges from B8.5V to A5V (Miroshnichenko et al. 1997; Mora et al. 2001; Alecian et al. 2013). The star was classified as a HAeBe candidate by Kun et al. (2000), and the presence of a debris disk (Riviere-Marichalar et al. 2016) surrounding the star suggests that it is at an advanced stage of evolution. The proper motion values derived by Fedorov et al. (2011) for HD 203024 are found to be μα⋆ = 9.89 mas yr−1 and μδ = −2.10 mas yr−1, which are in good agreement with those of BD+68°1118, HD 200775, and PV Cep. No additional stellar association, lying within similar distance and proper motion ranges, was found, even within twice the search radius. Thus, BD+68°1118, HD 200775, and PV Cep together form an isolated intermediate-mass stellar association that is connected both physically and kinematically, but they are distributed over a wide area in the sky and show a ∼1–10 Myr age spread.
Although BD+68°1118, HD 200775, and PV Cep are at similar distances and share similar proper motions, they show some stark differences. The BD+68°1118 region lacks molecular cloud material within the radial velocity range of 2.7–2.9 km s−1 associated with it (except L1177), in contrast to the regions surrounding HD 200775 and PV Cep (Yonekura et al. 1997). The known YSO candidates and the newly identified co-moving sources surrounding BD+68°1118 are distributed over a larger area in the sky in comparison with those surrounding HD 200775, as shown in Fig. 10. While all the sources surrounding HD 200775 are distributed within a spatial distance of ∼3 pc from it, those surrounding BD+68°1118 are distributed over a distance of up to ∼10 pc. The sources around BD+68°1118 lack near- and mid-IR excess emission, while a significant number of sources around HD 200775 show excess emission. This is consistent with the findings that the sources around BD+68°1118 are more evolved, showing an age of ∼3–10 Myr, while those around HD 200775 are comparatively young (∼1–3 Myr).
	[image: thumbnail]	Fig. 10. Histograms of the spatial distribution of the known YSO candidates and the newly identified co-moving sources with respect to HD 200775 (white) and BD+68°1118 (gray).



3.4. Kinematic properties of the co-moving sources
Star formation is an inefficient process, and hence the conversion of gas and dust to form stars is never complete. The unconsumed gas and dust are believed to get expelled out of a star cluster through stellar feedback in the form of photoionization radiation, stellar outflows, winds from massive stars, and the onset of the first supernova explosion (Zwicky 1953; Goodwin 1997; Matzner & McKee 2000; Eggleton 2006; Pfalzner & Kaczmarek 2013). This impulsive gas expulsion could lead the stellar components to acquire higher velocities and become unbound, and the whole system might eventually dissolve into the field, feeding the field star population (e.g., Dib et al. 2011; Pfalzner & Kaczmarek 2013; Dib et al. 2013). In order to investigate the motion of the stellar associations of BD+68°1118 and HD 200775, we considered the proper motions of the member stars, which show the movement projected in the plane of the sky as a whole. However, the proper motion of each member of the group subtracted from the mean proper motion of the whole group determines their projected internal motion (Jones 1997). In order to analyze the internal motion of the sources surrounding BD+68°1118 and HD 200775, we studied their motion relative to the system center.
Panels a and b of Fig. 11 represent the relative proper motion (yellow vectors) of the sources distributed around BD+68°1118 and HD 200775, respectively, in Galactic coordinates. The members of the BD+68°1118 stellar association move outward in all directions, while a majority of the sources surrounding HD 200775 tend to move in the northwestern and southeastern directions; these are also the directions of outflow for HD 200775 (Fuente et al. 1998b), which is currently inactive. The velocity components vl and vb along the Galactic longitude and latitude were computed using vl = 4.74dμl and vb = 4.74dμb, respectively. The factor 4.74 × d (kpc) transforms the unit of proper motion from mas yr−1 into km s−1. The possible compression and expansion of the BD+68°1118 and HD 200775 associations were calculated using the Gaia DR2 proper motions of the surrounding YSO candidates and co-moving sources. The parameters of compression and expansion were calculated following the methods provided by Mel’nik & Dambis (2017):
[image: thumbnail](1)
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	[image: thumbnail]	Fig. 11. Proper motion vectors of YSO candidates and co-moving sources relative to the system centers shown using yellow arrows overplotted on the color-composite image of Planck 353 GHz (red), 545 GHz (green), and 857 GHz (blue) images. (a) Relative proper motion of the sources around BD+68°1118. The positions of BD+68°1118 and HD 203024 are presented using red star symbols. (b) Same as (a), but for the HD 200775 system (marked as a red star).



where: vl0 and vb0 are the average velocities of the sources in the l and b directions, respectively; l0 and b0 are the coordinates of the center of the association; pl and pb are the parameters that indicate the expansion and compression along the l and b directions (positive or negative values signify an expansion or compression of the system, respectively); and d is the distance to the association. Using Eqs. (1) and (2), we estimated mean pl = 175 ± 21 and pb = 80 ± 40 km s−1 kpc−1 for the BD+68°1118 association and pl = 270 ± 170 and pb = 360 ± 160 km s−1 kpc−1 for HD 200775 association. These values signify that both the systems are expanding. The errors are estimated by propagating uncertainties in the parameters. The observed velocities of expansion in the l and b directions are determined using the following equations, provided by Mel’nik & Dambis (2017):
[image: thumbnail](3)
[image: thumbnail](4)
where a is the radius of the association in kpc. We estimated a as the radius containing 99.7 per cent of the associated members. Therefore, the computed radii for the BD+68°1118 and HD 200775 associations are ∼8 and ∼2 pc, respectively. The estimated ul and ub values for the association of BD+68°1118 are 1.4 ± 0.2 and 0.7 ± 0.3 km s−1, and for HD 200775 they are 0.5 ± 0.3 and 0.7 ± 0.3 km s−1, respectively. The locations of the two sparse clusters associated with BD+68°1118 and HD 200775 on an age-radius plane (Pfalzner 2009; Pfalzner & Kaczmarek 2013) suggest that they form the lower end of the correlation found for the loose clusters. We also estimated the tangential components of the expansion velocities (vt) of the BD+68°1118 system as 1.5  ±  0.2, and for HD 200775 system as 0.9  ±  0.3 km s−1, following [image: equation].
L1147/L1158, L1172/1174, and L1177 are located outside of the Cepheus Flare Shell (CFS) but near the periphery of Loop III (Kun 2007). Located at ∼300 pc, these huge, nearly concentric shells are considered to be effects of multiple supernova explosions, indicating the presence of OB stars a few million years ago (Olano et al. 2006; Kun 2007). The spatial distribution of YSO candidates in the star forming centers toward the CFS is located close to the edges of the molecular clouds, indicating star formation possibly induced by an expansion of the shell (Kun 1998, 2007). In our study, we found the age of the YSO candidates to be 10 Myr toward L1177 (the BD+68°1118 stellar association), which is located close to the center of Loop III and the CFS. The sources with ages in the ∼1–3 Myr range are distributed in L1172/1174 (HD 200775 stellar association), which is located in an intermediate area, and the extreme young source PV Cep (∼0.1 Myr), embedded in L1147/1158, lies at the outer edge of Loop III and the CFS. Therefore, the spatial distribution of the stellar age revealed in our work further confirms that triggered star formation is currently occurring in the CFS.
4. Summary and conclusion
More rigorous study of the newly identified co-moving sources are required to estimate their physical properties (e.g., extinction, spectral type, mass, and luminosity). It will help us to find their true characteristics and understand the triggered star formation in this region.
We studied the kinematics of the entire region containing four intermediate-mass young sources, namely BD+68°1118, HD 203024, HD 200775, and PV Cep. Using Gaia DR2 distance and proper motion measurements, we identified new co-moving sources surrounding BD+68°1118 and HD 203024. Combining the new co-moving sources identified toward HD 200775 (Paper I) with the new co-moving sources identified in this work, we made an attempt to understand the star formation history of the region as a whole. Our main results are summarized below.

	
Our search for co-moving sources using the Gaia DR2 distance and proper motion values within a circular region of 3.5° radius, which contains BD+68°1118, HD 200775, PV Cep, and the known low-mass YSO candidates, resulted in the identification of 74 sources. Of these, 39 are found to be distributed around BD+68°1118, 17 are distributed around HD 200775, and the rest are distributed over a wider region. No co-moving sources are found around the much younger PV Cep.



	
Based on the Gaia DR2 G versus (G − GRP) CMD, near- and mid-IR CC diagrams, and near-IR CMD, the co-moving sources identified around BD+68°1118 are found to be older (∼10 Myr) than those found around HD 200775 (∼1–3 Myr). The co-moving sources are mainly M-dwarfs that show no (or negligible) near- or mid-IR excess emission.



	
The positive values of the coefficients pl and pb for the stellar associations surrounding BD+68° 1118 and HD 200775 indicate that both systems are in an expanding phase, with similar tangential velocities.



	
The decrease in the age of the sources (∼10, 3, and 0.1 Myr for the sources located toward L1177, L1172/1174, and L1147/1158, respectively) with increasing distance from the centers of the CFS and Loop III agrees with previous studies that discussed about the ongoing triggered star formation caused by external impacts.






1 RUWE values are obtained from http://gaia.ari.uni-heidelberg.de/


2 phoenix.ens-lyon.fr/Grids/BT-Settl/CIFIST2011_2015/ISOCHRONES/


3 stev.oapd.inaf.it/cmd
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Appendix A:  Tables
Table A.1. 
Properties of the known YSO candidates identified towards L1147/1158 and L1177 from Gaia DR2.

Table A.2. 
Properties of the co-moving sources identified towards L1147/1158 and L1177 from Gaia DR2.



All Tables
Table A.1. 
Properties of the known YSO candidates identified towards L1147/1158 and L1177 from Gaia DR2.
In the text

Table A.2. 
Properties of the co-moving sources identified towards L1147/1158 and L1177 from Gaia DR2.
In the text

All Figures
	[image: thumbnail]	Fig. 1. Area studied in this work, shown in a 5° ×5° Planck 857 GHz image. The regions include the L1147/1158, L1172/1174, and L1177 cloud groups. The circles and the rectangle show the extent of these groups. Positions of four intermediate-mass stars, HD 203024, BD+68°1118, HD 200775, and PV Cep, are indicated by yellow star symbols. The black filled circles show the locations of YSO candidates obtained from the literature and not detected in Gaia DR2. The green filled circles indicate the YSO candidates that have reliable detection in Gaia DR2.
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	[image: thumbnail]	Fig. 2. Proper motion values of the known YSO candidates as a function of their distances, obtained from Gaia DR2. The triangles and circles in blue, red, and green represent the d − μα⋆ and d − μδ values of the sources located toward L1147/1158, L1172/1174, and L1177, respectively. The error ellipses corresponding to three times the MAD (darker shade) and six times the MAD (lighter shade) in proper motion and distance values are drawn. The locations of HD 200775, BD+68°1118, and PV Cep are also marked. The dashed lines show the median values of d, μα⋆, and μδ.
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	[image: thumbnail]	Fig. 3. Proper motion vs. distance plot for the known YSO candidates and the newly identified co-moving sources. The filled triangles and circles in red represent the d − μα⋆ and d − μδ values, respectively, of the known YSO candidates in L1147/1158, L1172/1174, and L1177. The open blue triangles and circles are the d − μα⋆ and d − μδ values of the co-moving sources, respectively. The locations of HD 200775, BD+68°1118, and PV Cep are identified by square boxes. The gray ellipses represent the boundaries of the proper motion values and the distance ranges used to identify the new co-moving sources. The dashed lines show the median values of d, μα⋆, and μδ.
In the text



	[image: thumbnail]	Fig. 4. μδ vs. μα⋆ plot for the known YSO candidates and for the co-moving sources. Filled red circles represent proper motion values of known YSO candidates in L1147/1158, L1172/1174, and L1177. Open black squares mark PV Cep, HD 200775, and BD+68°1118. The open blue circles represent the same for the co-moving sources. The gray ellipse shows the boundary of the proper motion values considered when selecting the co-moving sources. The open black circles represent sources not satisfying the six times the MAD conditions in distance and proper motion values. The dashed lines show the median values of μα⋆ and μδ.
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	[image: thumbnail]	Fig. 5. Proper motion plot for the YSO candidates (red arrows) and co-moving sources (yellow arrows), overplotted on the color-composite image of Planck 353 GHz (red), 545 GHz (green), and 857 GHz (blue) images. The YSO candidates without detection in Gaia DR2 are represented by filled red circles. HD 200775, HD 203024, BD+68°1118, and PV Cep are indicated by cyan star symbols. A vector of proper motion 8 mas yr−1 is shown as a reference.
In the text



	[image: thumbnail]	Fig. 6. MG vs. (G − GRP) color-magnitude plot of the YSO candidates and the co-moving sources. The dashed lines indicate the isochrones from PARSEC models (Marigo et al. 2017) for 0.1, 0.5, 1, and 10 Myr. The solid curves represent the same from CIFIST models (Baraffe et al. 2015) for 1, 3, 10, and 60 Myr. Filled blue, red, and cyan circles are the YSO candidates that have reliable Gaia DR2 data (with open black circles) or co-moving sources (without open black circles) toward L1147/1158 (PV Cep), L1172/1174 (HD 200775), and L1177 (BD+68°1118), respectively. The co-moving sources not associated with any of the cloud complexes are presented using filled black circles. The green, red, and blue plus symbols indicate the HAeBe stars, CTTSs, and WTTSs, respectively. The arrow represents an extinction of 1 magnitude.
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	[image: thumbnail]	Fig. 7. (r − i) vs. (g − r) CC diagram for the known YSO candidates and the newly identified co-moving sources. Filled cyan, red, and blue circles represent co-moving sources identified toward BD+68°1118, HD 200775, and PV Cep, respectively. Filled cyan, red, and blue circles with open black circles represent known YSO candidates identified toward BD+68°1118, HD 200775, and PV Cep, respectively. Filled cyan, red, and blue triangles represent YSO candidates not detected or without reliable Gaia DR2 data identified toward BD+68°1118, HD 200775, and PV Cep, respectively. The co-moving sources not associated with any of the three regions are presented using filled black circles. The arrow represents the reddening vector corresponding to an AV of 1 magnitude.
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	[image: thumbnail]	Fig. 8. Near- and mid-IR CC diagrams for the known YSO candidates and the newly identified co-moving sources. Symbols are the same as presented in Fig. 7. (a) (J − H) vs. (H − KS) CC diagram of the sources. The solid curves in green and magenta represent the loci of the un-reddened main sequence stars and the giants (Maheswar et al. 2010), respectively. The ellipse represents the range of variability of PV Cep, based on the time series observations by Lorenzetti et al. (2011). (b) WISE CC diagram of the sources. The dashed lines separate the regions occupied by the Class I and Class II sources (Koenig & Leisawitz 2014).
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	[image: thumbnail]	Fig. 9. MH vs. H − KS CMD for the known YSO candidates and the newly identified co-moving sources. Symbols are the same as presented in Fig. 7. The arrow represents an extinction of 1 magnitude. The ellipse has the same meaning as in Fig. 8a.
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	[image: thumbnail]	Fig. 10. Histograms of the spatial distribution of the known YSO candidates and the newly identified co-moving sources with respect to HD 200775 (white) and BD+68°1118 (gray).
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	[image: thumbnail]	Fig. 11. Proper motion vectors of YSO candidates and co-moving sources relative to the system centers shown using yellow arrows overplotted on the color-composite image of Planck 353 GHz (red), 545 GHz (green), and 857 GHz (blue) images. (a) Relative proper motion of the sources around BD+68°1118. The positions of BD+68°1118 and HD 203024 are presented using red star symbols. (b) Same as (a), but for the HD 200775 system (marked as a red star).
In the text





    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Proper motion vs. distance plot for the known YSO candidates and the newly identified co-moving sources. The filled triangles and circles in red represent the d − μα⋆ and d − μδ values, respectively, of the known YSO candidates in L1147/1158, L1172/1174, and L1177. The open blue triangles and circles are the d − μα⋆ and d − μδ values of the co-moving sources, respectively. The locations of HD 200775, BD+68°1118, and PV Cep are identified by square boxes. The gray ellipses represent the boundaries of the proper motion values and the distance ranges used to identify the new co-moving sources. The dashed lines show the median values of d, μα⋆, and μδ.
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        Proper motion plot for the YSO candidates (red arrows) and co-moving sources (yellow arrows), overplotted on the color-composite image of Planck 353 GHz (red), 545 GHz (green), and 857 GHz (blue) images. The YSO candidates without detection in Gaia DR2 are represented by filled red circles. HD 200775, HD 203024, BD+68°1118, and PV Cep are indicated by cyan star symbols. A vector of proper motion 8 mas yr−1 is shown as a reference.
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        (r − i) vs. (g − r) CC diagram for the known YSO candidates and the newly identified co-moving sources. Filled cyan, red, and blue circles represent co-moving sources identified toward BD+68°1118, HD 200775, and PV Cep, respectively. Filled cyan, red, and blue circles with open black circles represent known YSO candidates identified toward BD+68°1118, HD 200775, and PV Cep, respectively. Filled cyan, red, and blue triangles represent YSO candidates not detected or without reliable Gaia DR2 data identified toward BD+68°1118, HD 200775, and PV Cep, respectively. The co-moving sources not associated with any of the three regions are presented using filled black circles. The arrow represents the reddening vector corresponding to an AV of 1 magnitude.
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        Histograms of the spatial distribution of the known YSO candidates and the newly identified co-moving sources with respect to HD 200775 (white) and BD+68°1118 (gray).
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        Proper motion vectors of YSO candidates and co-moving sources relative to the system centers shown using yellow arrows overplotted on the color-composite image of Planck 353 GHz (red), 545 GHz (green), and 857 GHz (blue) images. (a) Relative proper motion of the sources around BD+68°1118. The positions of BD+68°1118 and HD 203024 are presented using red star symbols. (b) Same as (a), but for the HD 200775 system (marked as a red star).
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