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Abstract

:

Z Canis Majoris is a fascinating early-type binary with a Herbig Be primary and a FU Orionis-type secondary. Both of the stars exhibit sub-arcsecond jet-like ejecta. In addition, the primary is associated with the extended jet as well as with the large-scale outflow. In this study, we investigate further the nature of the large-scale outflow, which has not been studied since its discovery almost three and a half decades ago. We present proper motion measurements of individual features of the large-scale outflow and determine their kinematical ages. Furthermore, with our newly acquired deep images, we have discovered additional faint arc-shaped features that can be associated with the central binary.
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1. Introduction


Z Canis Majoris (Z CMa) has intrigued astronomers for decades. It is an active early-type emission line binary consisting of a Herbig Be primary and a FU Orionis-type (FU Ori) secondary separated by    0  ″   . 1   (e.g., Bonnefoy et al. [1]). Current high-spatial resolution observations show that the primary is located in the northwest (NW) direction from the secondary (e.g., Bonnefoy et al. [1]; Dong et al. [2]). The light curve of the system is rich in long-term variability, months to years, as well as in day-by-day variability with a non-periodic nature and varying amplitudes (Sicilia-Aguilar et al. [3] and references therein).



The system is surrounded with multiple circumstellar and large-scale outflows. The brightest feature around Z CMa is a reflection nebula extending up to about   35  ″    toward the NW from the central binary. It was discovered from photographic plates from 1953 by Herbig [4]. On these plates, the reflection nebula has a bar-shaped morphology (see Figure 10 in Herbig [4]). However, on the newer, higher resolution and more sensitive CCD images, the morphology more closely resembles a comma (Figure 1 left and Figure 2). We refer to this feature as comma nebula.



In the sub-arcsecond scale, jets emerge from both components—micro-jet A from the primary and micro-jet B from the secondary at the position angle (PA, measured from north to east) 245° and 235°, respectively (Whelan et al. [6]; Figure 1 right). Both jets are slightly wiggly and show associated knots (Whelan et al. [6]; Antoniucci et al. [7]). The micro-jet A extends out to about   30  ″    and is referred to as (extended) jet A (Figure 1 left) in the literature. This jet was discovered by Poetzel et al. [5], and it has also a wiggly nature (Whelan et al. [6]).



Millan-Gabet and Monnier [8] discovered another jet-like small-scale feature at PA 215°. This feature is designated in the literature as a streamer, and its length is about   2  ″    (Figure 1 right). However, it does not emanate from either of the binary components. In fact, it appears to start    0  ″   . 7   toward the south (S) from the central binary (Dong et al. [2]). The same authors find a point source a further ∼  2  ″    away from the streamer at the same PA and therefore confirm that the streamer is most likely created in a rare flyby event. Furthermore, these authors point out that the flyby event explains also the anomalous double-jet activity in this system, which considering the masses of the binary components could happen only with the probability of less than 1%.



Looking at greater distances, further out from the extended jet A at the same PA, a large-scale outflow was discovered by Poetzel et al. [5] from the narrow-band H α  and [S ii] images acquired in the end of 1990s. While the micro and extended jets are primarily detected as one-sided objects in the southwest (SW) direction, the large-scale outflow has emission features also toward the northeast (NE) (Figure 1 left). The large-scale outflow consists of blobby and elongated features. The kinematics of the features refer to a bipolar nature.



The NE features are all red-shifted, while the SW ones appear blue-shifted. Eight features are identified by Poetzel et al. [5] in the SW side extending up to    4 ′  . 7   and seven features are identified in the NE reaching up to   6 ′   from the central object. This is the largest known outflow1 for this type of stars extending across 3.5 pc when considering the distance of 1125 pc (Dong et al. [2]). At the discovery years, the average PA of the outflow features was 60° (equivalent to 240°). This PA aligns with that of the extended jet A, which is associated with the primary, and it is therefore widely accepted that the large-scale outflow is a result of the ejections from the Herbig Be component.



The large-scale outflow is what we concentrate on in this paper. In particular, we will measure proper motions of the individual features, and in combination with their respective radial velocities, we aim to reveal the true 3D nature of this huge nebulosity. For that, an accurate distance estimation is essential. Several distance estimates for Z CMa exist in the literature. They are all based on the fact that Z CMa is a member of the OB association CMa OB1. Published values are 1150 ± 50 pc by Clariá [12], 990 ± 50 pc by Whelan et al. [6], and more recently 1125 ± 30 pc by Dong et al. [2]. Throughout this paper, we use the latest estimate, 1125 pc, because it was calculated by using the largest number of members of the association (50) and is therefore the most accurate one. We note here that the estimated Gaia Data Release 3 (Gaia DR3) (Gaia Collaboration et al. [13]; Gaia Collaboration et al. [14]) distance of the Z CMa is not reliable due to the very large value of RUWE2, as described in Dong et al. [2].




2. Observations and Data Reduction


Our first imaging data were obtained with the 60-inch telescope at Mt. Palomar on 2002 February 28. A single 20-min exposure in a narrow-band H α  filter (  λ = 6564.8   Å,   Δ λ = 20   Å) was secured with a seeing of    1  ″   . 5  . The field of view (FOV) was    12 ′  . 5  , and a chosen binning of   2 × 2   provided a pixel scale of    0  ″   . 756   pix    − 1   . This image was reduced using the standard routines in IRAF3 (Tody [15,16]).



The second set of images of Z CMa was acquired on 2019 September 27 with the 8.1 m telescope. We used the Gemini Multi-Object Spectrographs (GMOS, Hook et al. [17]) mounted at Gemini-South as part of the observing proposal AR-2019B-020. The images were collected in the narrow band H α  G0336 (  λ = 6567.0   Å,   Δ λ = 70   Å) and [S ii] G0335 (  λ = 6717.2   Å,   Δ λ = 43   Å) filters with the total exposure time of 145 and 435 s, respectively. The observations in both filters consisted of several shorter exposures that have been dithered to eliminate the gaps between the detectors and to minimize contamination (saturation effects) due to the bright central star. The bin   2 × 2   was used, yielding a pixel scale of    0  ″   . 16   pix    − 1   . The FOV of the final reduced images is    6 ′  ×  5 ′  . 5  . The observations were carried out with a seeing between    1  ″   . 3   and    1  ″   . 4  . Data reduction was performed using the Gemini software DRAGONS (Labrie et al. [18]). Details of the observations are in Table 1.



We also acquired a set of stacked images from the Pan-STARRS images archive (Waters et al. [19]) that are results of co-adding multiple exposures made between 2010 and 2015 during the 3 π  survey (Chambers et al. [20]). We downloaded stacked images covering the region around Z CMa in g, r, i, and z filters, re-scaled them to the common photometric zero point, and created mosaics in each individual filter with the original spatial resolution of the Pan-STARRS stacked images of    0  ″   . 25   pix    − 1   . We then created a composite RGB image from z, i, and g mosaics with logarithmic intensity scaling applied. We excluded the r filter from the composite image as it shows the largest number of stacking artifacts in the background, and it is mostly unusable for studying the morphology of the nebular features. The FOV of the final image was    9 ′  ×  9 ′   .



2.1. Pre-Analysis Processing of the Narrow-Band Images


To accurately analyze the possible morphological and/or kinematical changes between our two epochs, our narrow-band H α  images first had to be matched pixel by pixel. For this, we used 32 stars in the FOV whose proper motions were smaller or equal to ±5 mas year    − 1    and RUWE < 1.4; all values were taken from the Gaia DR3. The 2019 frame was matched against the 2002 frame, because the latter had a larger pixel scale. The matching was completed in IRAF using the tasks geomap and geotran. The errors of the matching were    σ RA  =  0  ″   . 18   and    σ DEC  =  0  ″   . 23  . With this procedure, both frames were given the same pixel scale,    0  ″   . 756   pix    − 1   . The last step in matching the coordinates is to compensate for the possible proper motion of the central star. In our case, this effect is insignificant, considering the small proper motion of Z CMa (see Section 3.4) and that our two datasets are separated by 17.58 years. In this stage of the image processing, the frames were ready to be compared by blinking to find any obvious movement of the outflow features in the plane of the sky or to measure directly the coordinates of individual features to calculate proper motions.



For the features for which the blinking of the frames did not reveal any visual expansion and/or which, due to their elongated shape, are not suitable for direct coordinate measuring, further processing was needed in order to use the magnification method (see Section 3.2). These steps included seeing and flux matching. The first was not needed because the seeing of the original frames was already similar, and after pixel by pixel matching, it became equal. Flux matching was completed using the analyzed feature (in our case feature D; see Section 3.2) by summing up all the flux in a rectangle-shaped area equivalent to the size and shape of the feature and then arithmetically matching it with the same area flux on the second epoch image. Beforehand, the sky was removed. We estimate that the flux matching is accurate down to a few percent.





3. Results


In Figure 3, we present our 2002 H α  image which covers the whole large-scale outflow of Z CMa, extending    10 ′  . 7   from NE to SW. Our GMOS images from 2019 have a smaller FOV as demonstrated with the black rectangle in Figure 3. The GMOS image taken in the lines of [S ii]   λ λ  6716, 6731 is considerably deeper and presents the individual features with a better S/N (Figure 2). For a meaningful analysis (see Section 3.1 and Section 3.2), it is important to use data in the same filter/spectral lines, especially when the aim is to find any morphological and/or kinematical changes between two epochs. The reason is that the excitation of emission lines from diverse elements can occur under different physical conditions so that the lines do not necessarily trace the same gaseous regions. Therefore, we restrict our proper motion analysis to the H α  frames, because we do not have a [S ii] frame from 2002. In addition, our two H α  frames have a similar S/N, hence presenting similar detectability of the features, further making them a suitable match for the analysis. However, we note here that all the features that are resolvable in the GMOS H α  frame have the same morphology and position in the GMOS [S ii] frame.



We refer to the individual features as they have been named by previous authors. The features of the large-scale outflow were named by Poetzel et al. [5] using capital letters from A to O (Figure 1). In addition, the designation of   f 1   and   f 2   was given to refer to the filaments in the SW side nearby the blobby features F, G, and H. On our figures, the labels of the features are always directly above the feature itself, apart from the label   f 1   which is to the left from the feature (Figure 3). We note here that not all the features presented by Poetzel et al. [5] are detectable and/or resolvable in our 2002 H α  frame due to the slightly lower S/N. From our GMOS [S ii] frame, we could identify the features A, B, C, D, E, M, N, K, and L. Features O, G, H, and   f 1   are outside the GMOS FOV. We could not identify features I and J, situated between the central star and the feature K, on any of our images, which is probably due to a slightly lower S/N of our images compared to the images from Poetzel et al. [5].



The morphology of the large-scale outflow has not changed during the past 30 years when comparing our 2019 image with the 2002 one and the one from 1988–1989 from Poetzel et al. [5] (compare their Figure 1 with our Figure 2 and Figure 3). The large-scale outflow has a bipolar nature and it consists of individual features (features A to O) with varying shapes—blobby, elongated, filamentary, arced. The PA of the outflow is ∼60° (or ∼240°), as measured from our images. The approximate value is due to the slightly different PAs of individual features. Nevertheless, this shows that the PA of the outflow has not changed during the past 30 years either (∼60° is measured also by Poetzel et al. [5]).



In our [S ii] frame (Figure 2), we refer to a few other features related to the ejections from Z CMa: in particular, the extended jet A (see also Figure 3 in Whelan et al. [6]), the PA of the micro-jet B (see also Figure 1 in Antoniucci et al. [7]), and the PA of the streamer (see also Figure 2 in Canovas et al. [21]). Figure 2 shows also the previously known bright comma nebula which is almost perpendicular to the large-scale outflow. Furthermore, our image reveals another, fainter and previously not detected extended arc-shaped feature in the NW direction, which will be discussed further in Section 3.4 and Section 4.



As a first step in finding any expansion in the plane of the sky, we have used the simple blinking of the two H α  matched frames. It reveals that feature C has a visible expansion, while the rest of the features appear to stand still. Overall, a reliable analysis is only possible for the brightest features, which are those labeled with C and D. Therefore, we focus in the following on these two and determine their proper motions before we take a closer look at the faint arc structures.



3.1. Proper Motion Calculations of Feature C


Feature C is one of the brightest among the large-scale outflow. It has a roundish shape and is clearly detectable in both of our H α  frames taken in 2002 and 2019. The exact temporal separation of the two images is 17.58 years. The shape of feature C does not change during that period. As mentioned above, feature C presents the fastest motion from the central star compared to other features. In addition, feature C also has the largest radial velocity compared to other features as measured by Poetzel et al. [5]. Therefore, considering the inclination angle out of the plane of the sky (see below), it is not surprising that this feature would show a clear expansion in the plane of the sky while others do not. The movement in the plane of the sky of feature C is in accordance with the general direction of the features in SW direction, confirming that it must have been ejected from Z CMa.



Due to the roundish shape of feature C, it was possible to measure directly its central coordinates on both of our images. The total movement in the plane of the sky during the 17.58 years considered is    1  ″   . 4  , yielding a proper motion of    0  ″   . 08   year    − 1    and a tangential velocity of ∼420 km s    − 1   . Considering the radial velocity of −390 km s    − 1    of feature C (Poetzel et al. [5]), its expansion velocity is about 580 km s    − 1    and the inclination out of the plane of the sky is 43° using the ordinary cosine relation between the velocity vectors (  i = a r c c o s (  v  s k y   /  v  e x p   )  ). The found inclination angle agrees with the estimates made for the micro-jet B, which was proposed to have an inclination angle between 28° and 64° (Antoniucci et al. [7]) according to the tangential and radial velocity estimates by Whelan et al. [6].



The distance of feature C from the central star is   68  ″    and   69  ″    during the observations taken in 2002 and 2019, respectively. The position angle of feature C has not changed during the time duration between our 2002 and 2019 images, and it is 246°. Precise measurements with errors for all the calculated values are in Table 2.



Using the above calculated proper motion, the distance from the central star, and assuming constant expansion velocity since the ejection, it is possible to calculate the age of feature C at our first epoch, 2002. It is on the order of 850 years, which is in accordance with the estimates in Poetzel et al. [5].




3.2. Proper Motion Calculations of Feature D


The second feature for which we were able to calculate the expansion in the plane of the sky is the arc-shaped feature D. Due to its elongated shape, a direct measuring of the coordinates was not an appropriate method. For that reason the magnification method (see, e.g., Santander-García et al. [22]; Liimets et al. [23]) was used, which is suitable to find the proper motion of extended structures without a clear central point and/or when the total movement in the plane of the sky is as small as a tenth of a pixel. Both criteria are valid for feature D. The magnification method is based on finding a magnification factor M, which represents an image with minimum residuals of the magnified first epoch image, which is subtracted from the second epoch image. The method provides the proper motion, tangential velocity, and age. In order to use the magnification method, the frames being analyzed have to have coordinates, seeing, and flux matched. This was completed using the procedures described in Section 2.1. Further details about the magnification method and the derivation of the formulas used in the following can be found in Section 3.3 of the PhD thesis by Liimets [24]. The best magnification factor for feature D was determined to be   M = 1.003 ± 0.001  . However, we note here that this result should be used with caution. We can say with confidence that M is not larger than   1.003  . Consequently, all the following numerical values should be taken as upper limits. The proper motion can be calculated, in convenient units, in the following way


  μ   [  ″    year  − 1   ]  =    ( M − 1 )  · d   [  ″   ]    Δ t [ year ]   ,  



(1)




where d is the distance of feature D from the central star on the first epoch, in our case the year 2002, and  Δ t is the time interval between the two epochs. In the case of the elongated feature D, the distance from the central star is somewhat challenging to estimate. However, we are confident that when considering a somewhat larger error of 1 pixel, it is accurate enough to serve the purpose of the simple calculations presented in this paper. Hence, the distance of feature D from the central star at our 2002 epoch is    75  ″   ±  1  ″    , and considering Equation (1), the proper motion becomes   μ =  0  ″   . 013   year    − 1   . As for feature C, the precise values with their errors for all the calculations for feature D are in Table 2.



Using the proper motion and the distance to feature D, it is possible to calculate the tangential velocity in the following convenient units


   v  s k y     [ km   s  − 1   ]  = 4.74 · μ    [  ″     year  − 1   ]  · D   [ p c ]  .  



(2)







We consider the distance to Z CMa to be 1125 pc and therefore    v  s k y   = 69   km s    − 1   . The radial velocity of feature D has been measured to be −110 km s    − 1    (Poetzel et al. [5]), which results in an expansion velocity of 130 km s    − 1   . The inclination angle would therefore be slightly larger than for feature C but with a value of 58° again matching with the estimates in Antoniucci et al. [7].



The magnification factor can also be used to calculate the age of the feature at the first epoch,


  T   [ year ]  =   Δ t  [ year ]   ( M − 1 )   ,  



(3)




which for feature D gives a value of about 6000 years.



The PA of feature D is constant between our two observing epochs and has a value of 223°.




3.3. Proper Motion of Other Features


We tried to measure the expansion in the plane of the sky for the two other features, E and K, which were considerably fainter than the features C and D but still resolvable compared to the rather marginal detections of the features L, M, and N. Features E and K have an irregular shape, and therefore, the magnification method was used. We find no measurable movement in the plane of the sky for both features. For feature E, it is somewhat expected due to its RV being 0 km s    − 1    (Poetzel et al. [5]), while the RV of feature K is quoted as +55 km s    − 1    by the same authors. Considering the pixel scale of    0  ″   . 756   of our matched images and the fact that the magnification method is able to measure an expansion of about one tenth of a pixel, the smallest tangential velocity that we should be able to detect is ∼20 km s    − 1   . This, in return, would mean an inclination out of the plane of the sky 70°, which, within our error estimate of ±10°, agrees with the estimates by Antoniucci et al. [7].




3.4. Faint Extended Arc


From our deep GMOS [S ii] image, we have discovered that the bright comma nebula has a fainter continuation. We designate this feature a faint extended arc (see Figure 2). Despite the lower S/N of our GMOS H α  image, the faint arc is also detectable on that frame, but we refrain from showing it because it does not provide new information. With an orientation of the faint arc toward the NW, it is perpendicular to the main large-scale outflow. The arc is more pronounced on the Pan-STARRS RGB image (Figure 4) on which additional related features become visible. We detect a repeating pattern of filaments, inside the main arc, which seem to mimic “feathers” (see white arrows in Figure 4). Interestingly, while most of the feathers do not have a direct connection to the star, the closest feather to the central binary, designated with number 1, seems to have connecting filaments. These filaments start from the bright comma nebula as a small arc resembling a “fishtail” (marked with solid red arrow) and then continue toward feather 1 with less homogeneous emission. From the image, it is visible that the diffuse emission in the direction of feather 2 is continuous further than that of our Pan-STARRS FOV. However, the faint extended arc which ends with feather 4 extends up to   3 ′   toward the west.





4. Discussion


Looking at the Figure 4, it is tempting to assume that the newly discovered faint extended features, as well as the bright comma-shaped feature, are created by matter expelled from the central star during a single or multiple independent mass ejection event(s) and now appear misplaced from the central position of the object due to the movement of Z CMa through the interstellar medium. However, the proper motion of the star,    μ  R A   = − 4.4   mas year    − 1    and    μ  D E C   = 2.0   mas year    − 1    (Hipparcos-2 catalog, van Leeuwen [25]), does not support that. Z CMa is moving toward the faint extended arc and not away from it. Our choice of using the proper motion values from the Hipparcos-2 catalog is due to the mentioned large RUWE value of Z CMa in Gaia DR3 (see Section 1), referring to a problematic astrometric solution. The latter is most probably a result of the binary nature of the object and its generally rather bright photometric values. However, we note that Gaia DR3 proper motion values agree relatively well with the Hipparcos-2 catalog.



Another possibility, due to the roundish shape, is that the faint extended arc with the feathers is related to the orbital motion of the binary. Considering the recent high-contrast imaging polarimetry observations (Canovas et al. [21]), the orbital movement of the FU Ori companion around the primary is 0°.7 year    − 1    when considering a circular orbit. This implies an orbital period of about 500 years. Currently, the FU Ori companion is located in the southeast (SE) direction from the primary (e.g., Figure 2 in Bonnefoy et al. [1]). Therefore, considering the hypothesis of a single ejection and the position of the faint extended arc and its feathers, they could have been ejected half a period ago. However, taking into account the distance of these features from the central binary, it would imply a peculiarly large tangential velocity of ∼3700 km s    − 1   , which has not been measured in any other features related to the small- or large-scale outflows of Z CMa. The obvious repeating pattern of the feathers could also suggest consecutive mass ejections occurring on every orbit at a specific location. We can then assume that the closest feather could have been ejected half a period ago and the next ones could have been ejected 1.5, 2.5, and 3.5 periods ago, respectively. The equivalent tangential velocities would then be about 1800, 900, 600, and 530 km s    − 1   , considering distance estimates for each feather from the central binary of 85, 130, 148, and 180    ″   , respectively. While the radial velocities of −600 km s    − 1    have been measured to be associated with the micro-jets (Poetzel et al. [5]; Whelan et al. [6]), all these estimated values exceed our measured tangential velocities of the large-scale outflow features (see Table 2). If we consider our largest tangential velocity of 420 km s    − 1   , and the largest extent of the faint arc structures (3   ′  ), it would have had to be ejected ∼2300 years ago. This timescale is comparable with the ages we have found for the large-scale outflow features C and D, 850 and 5900 years, respectively. However, if these newly discovered features are related to the mass ejections occurring at the particular location during the orbit of the FU Ori-type companion around the primary, it is more likely that the orbit is not circular but elliptical. The latter would include periastron passage, which can enhance the mass-loss and possibly initiate outflows, as has been seen in other binary systems (e.g., in a case of symbiotic binary R Aquarii (Liimets et al. [26]) and proposed for the formation of the circumbinary molecular ring in the B[e] supergiant system GG Car (Kraus et al. [27])). At the same time, while feathers 2 and 3 do not seem to be physically connected with the central binary, the faint extended arc and its extension feather 4 are clearly a continuation from the star and its bright comma nebula, implying a constant flow of matter. At this point, we also mention that when inspecting the Figure 4 more thoroughly, it is possible that there is a dark cloud blocking the connections of the feathers with the central binary or with the faint arc, as there are no stars detected in the west from the binary below the faint arc. However, according to the study based on 2 Micron All Sky Survey by Dobashi [28], there are no dark clouds in the FOV of our Figure 4.



We can further calculate the possible tangential velocities related to the new discovered features when considering their maximum extent of   3 ′   and the ages found for the features C and D. The age of 850 years would result in a velocity of about 1100 km s    − 1   , while the 5900 years (feature D) would result in a velocity of about 160 km s    − 1   . The latter is more in line with the tangential velocities measured in this work and with the radial velocities measured by Poetzel et al. [5]. It is possible that the elongated feature D, which indeed has a larger deviation from the average PA of the large-scale outflow compared to other features, potentially referring to a different origin, is related to the feather 1. However, the seemingly similarly shaped feature marked with dashed cyan arrow in Figure 4 is not feature D. Feature D is 15    ″    further away from the central star and has a slightly smaller PA. A red dashed arrow is indicating its position in Figure 4, and it shows that this feature is situated on the edge of the feather 1, but there is no brightness enhancement in that position other than the boarder line of the feathery feature.



On the other hand, it cannot be ruled out that the faint features are accidentally aligned with Z CMa and that they are actually part of the huge nebula Sh 2-296 on which edge Z CMa is located (see Figure 6 in Fernandes et al. [29]). However, due to the obvious positional proximity to Z CMa, we are inclined to favor the idea that the discovered features are connected to Z CMa rather than being aligned by chance.



The new detected faint features as well as our measured different ages of different features (850 versus 5900 years for feature C and D, respectively) are in accordance with the nature of the Z CMa binary, which has had several eruptions in the past. The knotty nature of the large-scale outflow as well as the (micro) jets (e.g., Whelan et al. [6], Antoniucci et al. [7]) additionally refer to several discrete mass ejections. In addition, the RVs of the individual features vary a lot with values reaching up to ∼  ± 400      km  s   − 1    (Poetzel et al. [5]), further supporting the scenario that the central object has experienced in the past several mass ejections with different initial velocities.



Another possible explanation could be that the measured tangential velocities of feature C and D have not been constant since their ejection from the central binary, which, in return, would affect the calculated ages. However, observationally, we cannot assess it at this point. We have not found suitable observational data prior to 2002 to check the potential velocity canges before our first dataset. In addition, considering the measured velocities, we will have to wait for at least another ∼20 years to obtain a new set of observations, which could potentially show a change in tangential velocities. However, independently of the two scenarios, we wish to emphasize that our measured ages are more precise than previous estimates (Poetzel et al. [5]) because we have accurately measured the tangential velocities, while formerly, those were approximated according to the radial velocities and the possible inclination angle of the large-scale outflow.



As measured from our 2002 and 2019 images, the PA of feature D is 223° and does not change during our observing period, 17.58 years. To expand the epoch of analsyis, we estimate from the schematic Figure 1 in Poetzel et al. [5] (they do not publish any numerical values of the PAs nor the distances from the central star) that the PA of feature D at their observing time between 1989 and 1990 was ∼225°. Therefore, we conclude that the PA of feature D has not changed during the past 30 years. Following this result, the claim made by Whelan et al. [6] that feature D is related with the micro-jet B (emanating from the FU Ori-type companion with a PA ∼235°, which is indicated with the blue solid line in Figure 2), according to their observations, is not supported by our precise PA measurements.



We investigate further whether feature D could be related to the additional sub-arcsecond component emerging from Z CMa, the jet-like structure identified as a streamer (see Figure 3 in Millan-Gabet and Monnier [8], Figure 2 in Canovas et al. [21], Figure 1 in Liu et al. [30], and Figure 1 in Dong et al. [2]). Unfortunately, these authors do not provide any PA measurements for the straight part of the streamer (the outer edge of this feature is slightly curved toward west), but from their figures, we can estimate it to be approximately 215°. We also note that the streamer does not start from the central binary but about    0  ″   . 7   straight toward the south from the binary (see Figure 2 in Canovas et al. [21]). We indicate the PA of this feature with the green dotted line in our Figure 2. Even though the angle of the streamer is more similar to the PA of feature D than the angle of the micro-jet B is, it is still clearly evident that their PAs do not align. Dong et al. [2] explains the streamer as a result of the flyby event because they discovered a faint component whose PA matches with the one of the streamer. The fact that feature D is not aligned with the streamer provides an additional support for the flyby event because it shows that the streamer is not related to any small or large-scale ejecta.




5. Conclusions


We have presented the first proper motion study of features C and D within the large-scale outflow of Z CMa. The two very different proper motion values obtained for these two features confirm the previous suggestion that the large-scale outflow is a result of several active ejection phases with varying initial velocities in the life of Z CMa. Our precise position angle measurements of the same features reveal that they are not aligned with the feature streamer, providing further support for the occurrence of the flyby event in this complex system.



We have discovered new features most probably related to Z CMa—a faint extended arc with several features mimicking feathers. It is very likely that these features are connected to the central binary and are the result of previous mass ejection(s) possibly related to the orbital motion of the binary system.
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Abbreviations


The following abbreviations are used in this manuscript:





	Z CMa
	Z Canis Majors



	FU Ori
	FU Orionis



	PA
	position angle



	FOV
	field of view



	RUWE
	renormalized unit weight error



	S
	south



	NW
	northwest



	NE
	northeast



	SW
	southwest



	SE
	southeast








Notes


	
1

	

Although evolved massive stars can have nebula exceeding this size by far, such as the huge bipolar nebula of the B[e] supergiant MWC 314 extending across 13 pc (Marston and McCollum [9]; Liimets et al. [10]) as well as the 10 pc size elaborate filamentary structures around the Luminous Blue Variable P Cygni (see Boumis et al. [11] and references therein).






	
2

	

Renormalised Unit Weight Error (RUWE). RUWE is expected to be around 1.0 for sources where the single-star model provides a good fit to the astrometric observations. A value significantly greater than 1.0 (e.g., >1.4) could indicate that the source is non-single or otherwise problematic for the astrometric solution.






	
3

	

IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for Research in Astronomy (AURA) under cooperative agreement with the National Science Foundation.
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Figure 1. (Left): Schematic view of the various extended nebular features surrounding Z CMa. The stars in the field of view are drawn as black filled circles, large-scale outflow features are marked with grayish areas or circles with black contures. The dashed line is drawn at the 60° position angle. Individual numbers refer to radial velocities (Poetzel et al. [5]). Field of view is    9 ′  . 5 ×  5 ′  . 6  . The base of the figure is depicted from Poetzel et al. [5]. Reproduced with permission © ESO. (Right): Schematic view of the sub-arcsecond features around Z CMa presented in true proportions. The lengths of the micro-jets are taken from Whelan et al. [6] and those for the streamer are taken from Dong et al. [2]. The dashed line represents the position angle of the large-scale outflow. Field of view is    1  ″   . 6 ×  2  ″   . 7  . A white square representing the same size is drawn on the left panel at the position of the central binary inside the comma nebula. On both panels, north is up and east is to the left. 
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Figure 2. (Left): [S ii] image of Z CMa acquired with GMOS attached to Gemini-South. The white square shape feature, indicated with a white arrow, is an artifact from vignetting of the guiding probe. (Right): Insets of the resolved features in the [S ii] image. The FOVs of the smallest insets are    20  ″   ×  15  ″     each. On all images, north is up, east is to the left, and the intensity is in log scale to improve the contrast. See text for more details. 
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Figure 3. (Left): H α  image of Z CMa taken in 2002. GMOS FOV is shown for comparison. (Right): Insets of the features resolvable in the H α  image and which are outside GMOS FOV. On all images, north is up, east is to the left, and the intensity is in log scale to improve the contrast. See text for more details. 
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Figure 4. Pan-STARRS RGB image presenting the faint extended features around Z CMa. Red channel corresponds to z filter, green channel corresponds to i, and blue channel corresponds to g filter. The intensity is in log scale to improve the contrast. North is up and east is to the left. FOV    9 ′  ×  9 ′   . See text for more details. 
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Table 1. Log of the observations. The first column lists the start date of the observing night. Column 2 lists the telescope used. Column 3 contains the central wavelength ( λ ) and the width (  Δ λ  ) of the filter. The last column is the total exposure time in seconds.
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Date

	
Telescope

	
Filter

	
Total Exp.




	

	

	
  λ  /   Δ λ    (Å)

	
Time (s)






	
28 February 2002

	
60-inch Mt. Palomar

	
H α  6564.8/20

	
1200




	
27 September 2019

	
Gemini-South

	
H α  6567.0/70

	
145




	
27 September 2019

	
Gemini-South

	
[S ii] 6717.2/43

	
435
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Table 2. Results of the calculations from direct measuring of feature C and from using the magnification method for feature D. A distance of 1125 pc toward Z CMa was adopted. See text for more details.
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	Description
	Feature C
	Feature D





	Total movement in the plane of the sky (    ″   )
	1.4 ± 0.3
	-



	Proper motion  μ  (    ″    year    − 1   )
	0.08 ± 0.02
	0.013 ± 0.004



	Radial velocity a   v  r a d    (km s    − 1   )
	−390 ± 24
	−110 ± 24



	Tangential velocity   v  s k y    (km s    − 1   )
	423 ± 88
	69 ± 23



	Expansion velocity   v  e x p    (km s    − 1   )
	576 ± 67
	130 ± 24



	Inclination out of the plane of the sky i (°)
	43 ± 15
	58±14



	Distance from the central star in 2002   d 2002   (    ″   )
	67.8 ± 0.3
	75.3 ± 0.8



	Distance from the central star in 2019   d 2019   (    ″   )
	69.2 ± 0.3
	75.5 b ± 0.8



	PA at 2002 (°)
	246.5 ± 0.2
	222.9 ± 0.6



	PA at 2019 (°)
	246.6 ± 0.2
	222.9 ± 0.6



	Age at 2002 (years)
	854 ± 177
	5859 ± 1953



	Magnification factor M
	-
	1.003 ± 0.001







a From Poetzel et al. [5]. b Calculated from   d 2002   and our derived proper motion.
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