
    
      Table 1 

      Parameters of the pulsed cylindrical jet simulations (Sect. 3).

      
        


	Fixed parameters (from Lee et al. 2001)



	One-sided jet mass-loss rate
	[image: equation]



	Jet semi-opening angle
	θj = 0o



	Jet radius
	Rj = 2.5 × 1015 cm



	Mean jet velocity
	v0 = 120 km s–1



	Jet velocity variation	[image: equation]



	Semi-amplitude
	ΔV = 60 kms–1



	Jet density variation
	ρj(t) = ρj0 [v0/vj(t)]  (constant mass-flux)



	Jet density at t = 0
	ρj0 = 1.6 × 10-20gcm3



	Jet temperature
	Tj = 270 K



	Ambient core temperature
	Ta = 30K



	Radiative cooling function
	Λ(270 K ≤ T < 104 K) from Dalgarno & McCray (1972)



	
	Λ(T ≥ 104 K) from MacDonald & Bailey (1981)



	Simulation domain
	(R, z) = (7.0 × 1016 cm, 1.4 × 1017 cm) = (4679 au, 9358 au)



	Number of cells
	nR × nz = 336 × 672



	Resolution
	ΔR = Δz = 2.08 × 1014 cm = 14 au





        


	Variable parameters



	Model name
	PCJ-U(a)
	PCJ-Z
	PCJ-R
	PCJ-RW(b)



	
	(Fig. 1a)
	(Fig. 1b)
	(Fig. 1c)
	(Fig. 2)





        


	Core density profile
	Uniform
	z-stratified
	Flattened singular core



	ρa(r)
	ρa0
	[image: equation]
	[image: equation]





        


	Core density at z = 0, R = 2.5 × 1015 cm
	ρa0 = 1.6 × 10–20gcm–3
	1.6 × 10–18gcm–3



	Core/jet density contrast at z = 0
	n = ρj0/ρa0 = 1
	0.01



	Jet variability period
	P = 310 yr
	115 yr



	Simulation age
	t = 610 yr
	296 yr





      

      

Notes. (a)Identical parameters to pulsed jet simulation of Lee et al. (2001) (see their Fig. 7). (b)Identical parameters to pulsed wind simulation of Lee et al. (2001) (cf. their Fig. 12), except that the wide-angle wind is replaced here by a cylindrical jet of same mass-flux, injection radius, and velocity variability.





    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Maps of hydrogen nuclei density nH from simulations of the same cylindrical jet as in Lee et al. (2001) (see Table 1). The three columns confront three different ambient core stratifications, and the two rows show the map at two ages t = 296 yr (top) and 610 yr (bottom). The jet is launched in Figs. 1a and d through a uniform ambient core with profile ρ(R, z) = ρα0; in Figs. 1b and e through an z-stratified ambient core ρ(R, z) = ρα0/(1 + z/zc)2 with zc = 1016cm; and in Figs. 1c and f through a flattened singular core ρ(r, θ) = ρa0 sin2 θ(r0/r)2, where r is the spherical radius and r0 = 2.5 × 1015 cm. All core density profiles have the same base density at R = Rj, ρα0 = 1.6 × 10—20 g cm–3, density-matched with the jet at t = 0. W note how the jet-driven shell expands faster and wider through an increasingly stratified core, whereas the nested shells also grow wider.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Density snapshot at t = 296 yr of pulsed cylindrical jet model PCJ-RW, with same injected mass-loss rate, velocity variability, and ambient density distribution as the pulsed wide-angle wind model in Fig. 12 of Lee et al. (2001). The resulting shell size and opening angle are the same as for the wind-driven shell, at this young age.

      

    

  
    
      Table 2 

      Parameters of pulsed conical high-density jet simulations with the resulting opening angles and full widths (Fig. 3).

      
        


	Fixed parameters



	Mean jet velocity
	v0 = 120 km s–1



	Jet density variation
	[image: equation]



	Core density profile
	 [image: equation]



	Jet temperature
	Tj = 100K



	Ambient core temperature
	Ta = 100K



	Radiative cooling function
	Λ(100 K ≤ T < 104 K) from Dalgarno & McCray (1972)



	
	Λ(T ≥ 104 K) from Schure et al. (2009)



	Simulation domain
	(R, z) = (7.0 × 1016 cm, 1.9 × 1017 cm) = (4679 au, 12700 au)



	Number of cells
	nR × nz = 56 × 152 for the full grid at AMR level 1



	Maximum resolution
	7.8 × 1013 cm = 5.2 au at AMR level 5



	Snapshot age
	700 yr





        


	Parameter
	Reference model
	Modified
	Modified
	α800(b)
	W800 (b)
	W12700 (d)



	
	H_REF
	parameter(α)
	Model name
	(°)
	(1016 cm)
	(1016 cm)



	Core base density pα0
	1.6 × 10–18gcm–3
	1.6 × 10–20gcm–3
	H_DENSA
	112
	3.5
	13.8



	Jet semi opening angle θj
	3°
	7°
	H_THETA
	95
	2.6
	10.5



	Jet base initial density(e) pj0
	1.8 × 10–17gcm–3
	1.8 × 10–15gcm–3
	H_DENSJ
	86
	2.2
	8.4



	Semi-amplitude ΔV
	60kms 1
	90kms 1
	H_VARAMP
	91
	2.4
	8.0



	Jet variability period P
	115 yr
	300 yr
	H_PER
	90
	2.4
	7.4



	Jet variability profile h(t)
	[image: equation]
	[image: equation]
	H_SAWT
	86
	2.2
	7.2



	Jet radius Rj
	7.5 × 1014 cm
	3.0 × 1014cm
	H_RAD
	84
	2.2
	6.9





      

      

Notes. (α)In each modified model, only one parameter at a time is changed with respect to the reference model. (b)Shell full opening angle at z = 800 au. We obtain α800 = 88° for the reference model. (c)Full shell width at z = 800 au. We obtain W800 = 2.3 × 1016cm for the reference model. (d)Full shell width at z = 12700 au (top of the grid). We obtain W12700 = 7.6 × 1016cm for the reference model. (e)High jet density case, yielding a one-sided mass-flux [image: equation] M⊙/yr for the reference values of θj and Rj.





    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Influence of seven free parameters on the geometry and kinematics of shells driven by a pulsed conical jet in a singular flattened core, at an age of t = 700 yr. Each row corresponds to a different free parameter (as labeled in the left margin) and compares maps of number density, nH (left), radial velocity, vR (middle), and axial velocity, vz (right), for the reference model (left half of each map) and the modified model (right half of each map). The corresponding modified parameter values are marked at the bottom of the nH panel and model names at the bottom of the vz panel. Velocity colorbars are cropped to 0–50 km s–1 for better visualization of the range detected in CO outflows. The reference model in this figure has a high mass-flux of 6 × 10–6 M⊙ yr–1 (see Table 2 for full list of model parameters). The main effect on the cavity shape is seen when varying the core density.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Maps at t= 10 000 yr of (α) hydrogen nuclei density nH, (b) fraction of core-originated material fα, (c) orthoradial velocity vR, and (d) axial velocity vz of the shell driven by a conical pulsed jet in a flattened singular core. Parameters are identical to model M_SAWT in Table A.l except for a longer variability period P = 300 yr. Velocities in the colorbars are cropped to the range typically detected in CO outflow observations, namely between 0 and 50 km s–1. The white contour in the left-half of panels of (b), (c), and (d) shows fa = 50%.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Temporal evolution in the simulation of Fig. 5 of the full width of the main shell (jet-ambient interface, crosses) and outer shell (forward shock, circles) measured at altitudes z = 800 au (black) and z = 20 000 au (red). Analytical predictions for the equivalent “modified X-wind” model of Lee et al. (2001) are shown as dotted black and red lines of slope tl/2 (see text). The full range of CO outflow widths observed at z = 800 au by Dutta et al. (2020) is indicated by the light grey band (with second and third quartiles in darker grey, and median as a thin green line). The full width of the HH46-47 outflow at z = 20 000 au, from Zhang et al. (2016), is shown in blue.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Longitudinal position-velocity diagrams along the flow axis, inferred from the simulation in Fig. 5 at an age t = 10000 yr, for different inclination angles, i, from the line of sight, ranging from 90° (edge-on) to 30°.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Orientation of the velocity vectors for the t = 10000 yr-long simulation in Fig. 5, in the reference frame of the ambient core. Arrows are shown for velocities above 0.45 km s–1, and are not scaled with the velocity modulus. Density is displayed in the background color image.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Modeled and observed transverse position-velocity (PV) diagrams in HH46-47. Left panels: transverse position-velocity diagrams perpendicular to the outflow axis, inferred from the jet-driven shells simulation in Fig. 5 and Sect. 5.2, at t = 10000 yr inside 400au-wide cuts at projected heights of (a) 6.6 × 1016 cm and (c) 8.9 × 1016 cm, with an outflow inclined by an angle i = 55° from the line of sight. Here only the core-originated material mass contribution is shown. Right panels: 12CO(2–1) emission of HH46/47 along two 450au-wide cuts at projected heights of (b) 8.1 × 1016 cm and (d) 1.0 × 1017 cm from the central source, with red ellipses showing best-fit models by wide-angle wind-driven shells. Adapted from Zhang et al. (2019).

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Simulated mass-velocity (MV) distribution of core-originated material at t = 10 000 yr from the jet-driven shell simulation in Figs.5 and 10, inclined byi= 55° from the line of sight (connected black symbols). Blue and red symbols show observed MV distributions in the blueshifted and redshifted lobes of the HH46-47 outflow, as derived by Zhang et al. (2016). Open squares assume optically thin CO emission, while filled circles include a velocity-dependent correction for optical depth (see text). The dashed lines show power-laws of slope γ = –3.4 (red) and γ = –2.7 (blue).

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Full shell width W(z) at t = 700 yr as a function of altitude z for the models in Table A.l, with jet densities 100 times smaller than in Fig. 4. Colored curves have one parameter varied from the reference run, among the ambient core base density, ρa0, jet semi-opening angle ,θj, initial jet base density, ρj0, semi-amplitude of variability, ΔV, period, P, type of variability profile (sawtooth instead of sinusoidal), or jet radius, Rj.
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