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ESO-Hα 574 and Par-Lup3-4 jets: Exploring the spectral, 
kinematical and physical properties 

ジェットを伴う2つの系のVLTのX-ShooterおよびUVESによる観測 
2011年のレター(Bacciotti et al. 2011)の詳細 
【背景】 
ジェットの形成シナリオ 
Magneto-centrifugal jet launching model が有力だが観測的な証拠がほしい 
多波長分光観測により正確な質量の放出率と降着率の比を求めてモデルを検証 
【天体】 
・ESO-Hα 574: K8, 古典的おうし座T型星(CTTS) 
・Par-Lup 3-4: 超低質量(0.13 Msun)(VLMS), M5 
ともにedge-onに近い降着円盤をもつ天体 
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X-Shooter Spectra of the Par-Lup3-4 Jet

Fig. 7. Position velocity diagram of the Par-Lup 3-4 jet in [S II]�6731
with the velocity centroid measured at various positions along the jet
marked (red crosses).Right panel: line proÞles corresponding to each
red cross. Contours begin at 1.5! 10" 18 erg/s/cm2 and increase logarith-
mically to 68! 10" 18 erg/s/cm2. Velocities are systemic. The extraction
window for the spectra of the blue and red jets are also shown. The
ßuxes of the lines which are detected in these regions of the jets are
given in Table A.2. The Par-Lup 3-4 jet is fairly symmetric and clearly
the velocity of both lobes increases with distance from the source.
Comer—n & Fern‡ndez(2011) note the presence of a small red-shifted
knot at#Ð2.$$5 which is also seen here.

with distance from source has commonly been observed for jets
driven by CTTSs (Davis et al.2003) and is a feature of a mag-
netically driven ßow (Whelan et al.2004).

4.4. Estimates of extinction

An accurate estimate of the extinction is necessary for measur-
ing úMacc (from the luminosity of accretion indicators), and thus
the ratio úMout/ úMacc. However, for sources possessing an edge-on
disk, like the ones under investigation here, this can be compli-
cated by the scattering from the disk material, which can pro-
ducegrey extinction, i.e. light suppression independent of wave-
length (Mohanty et al.2007). For ESO-H↵ 574,Luhman(2007)
estimatedAJ = 0.45 mag meaning that the visual extinction
(AV) %1.7 mag. Literature values ofAV for Par-Lup 3-4 range
from 2 mag to 5 mag, depending on the colours used to estimate
reddening and an average of#3.5 mag has been used in other
studies (Comer—n et al.2003). In Bacciotti et al.(2011), using
the above results, we adoptedAV = 3.5 mag andAV = 1.7 mag
for Par-Lup 3-4 and ESO-H↵ 574, respectively.

One goal of the present work was to recover more accu-
rate values for the extinction of both sources. This was done
by comparing their spectra with the X-Shooter spectra of young
zero-extinction Class III templates (Manara et al.2013) of the
same spectral type. The match was performed by applying to
the template (i) a constant factor to normalise the ßux and (ii)
an reddening law to impose an artiÞcial reddening and repro-
duce the slope of the observed spectrum. If the latter correction
is zero, then extinction is most likely grey. Uncertainties in spec-
tral types and in extinction of the templates lead globally to an
error of<0.50 mag. Note however that veiling (especially strong
in ESO-H↵ 574) and dust scattering both increasing toward the
blue, may still lead to an underestimation of the extinction. See
alsoAlcal‡ et al.(2014).

The comparison was carried out as follows. The templates
were normalised to the ßux at 750 nm and then artiÞcially red-
dened betweenAV = 0...4.0 mag, in steps of 0.25 mag, until

the best match to the Par-Lup 3-4 and ESO-H↵ 574 spectra
was determined. It was found that a relative extinction correc-
tion of 1.5 mag is needed to best match the K8-type template
to the spectrum of ESO-H↵ 574, whereas no relative extinction
is necessary to match the M5-type template to the spectrum of
Par-Lup 3-4, suggesting that Par-Lup 3-4 is dominated by grey
extinction. The extinction-corrected luminosity of ESO-H↵ 574,
however, is still considerably lower than the average luminos-
ity of other YSOs of similar mass in Cha I-north. We argue
therefore that ESO-H↵ 574 is also a↵ected by grey extinction.
This is supported by the similarity of this system with the one of
TWA30 described inLooper et al.(2010a,b). There is evidence
that TWA 30A has an edge-on disk and it exhibits similar spec-
tra to ESO-H↵ 574, in that strong outßow tracers are detected
but accretion tracers are relatively weaker.

In principle the adopted normalisation factor should be a
measure of the obscuration of the source by the intervening disk.
This could in fact be obtained by multiplying the ßux ratio of
the object to the template by the square of the ratio of their
distances, assuming a similar stellar radius. The template and
the object, however, are generally not in the same evolution-
ary stage and hence have di↵erent radii. Also, the uncertainties
in distances are large. Therefore we keep with the approach of
Bacciotti et al.(2011) and adopt a ÒgreyÓ obscuration factor of
approximately 150 and 25 for ESO-H↵ 574 and Par-Lup 3-4, re-
spectively.Bacciotti et al.(2011) obtained these values by com-
paring luminosities corrected for any relative extinction to the
average luminosities of young stars of similar mass in the same
star forming regions. Regarding the forbidden lines generated in
the jets, however, we note that from analyses of infrared lines
of Fe+, Giannini et al.(2013) Þnd that these regions are not af-
fected by extinction. ThereforeAV = 0 is assumed for the diag-
nostics of physical conditions in the jets of both sources.

4.5. Estimates of úM
acc

As discussed in the Introduction, previous estimates ofúMacc for
both ESO-H↵ 574 and Par-Lup 3-4 were re-analysed.úMacc is
calculated from the equation,

úMacc = 1.25(LaccR&)/ (GM&) (1)

whereLacc is computed fromLline (Gullbring et al.1998). Lline is
the line luminosity derived from the measured ßuxes after cor-
rection for relative extinction, andR&, M& are the stellar radius
and mass. For both sourcesLline was estimated from the line
ßuxes reported in Tables A.1 and A.2. So for ESO-H↵ 574 it is
the luminosity of the lines extracted from the region of knot A1.
M& and R& are taken at 0.5M' and 0.13M' , and at 0.12R'
and 0.18R' , for ESO-H↵ 574 and Par-Lup 3-4, respectively.
The values ofL andTe↵ used in the computation ofR& are taken
from Mer’n et al.(2008) andLuhman(2007).

The new estimates di↵er from those presented inBacciotti
et al.(2011) due to the following factors. Firstly, improvements
in the ßux calibration mean that line ßuxes and therefore values
of Lline have changed. Early versions of the X-Shooter pipeline
did not o↵er a reliable ßux calibration but this situation has since
been resolved. This was more of an issue for ESO-H↵ 574, as
ßuxes are now found to be lower by a factor 4Ð5. Improvements
in background and skyline subtraction, 1D extraction, and tel-
luric correction also led to more accurate measurements ofLline.
Secondly, for the calculation ofLline only the line emission close
to the source, i.e. knot A1 in the case of ESO-H↵ 574 and the
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X-Shooter Spectra of the ESO-HA 574 Jet

Fig. 2. Position velocity diagrams of the ESO-H↵ 574 jet in some of the most interesting jet lines. Contours begin at 0.16 ! 10" 17 erg/s/cm2 and
increase logarithmically. Velocities are systemic. The positions and size of each knot are marked. The notation system of Bacciotti et al. (2011) is
used. See Fig. 1 for the notation system of Robberto et al. (2012).
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(←) ESO-Hα 574のPV図 

(→) Par-Lup 3-4のPV図 



【結果】 
輝線を同定してフラックステーブルを作成 

  
ESO-Hα 574 
・jet lineは多いがaccretion lineは少なく弱い 
・H, O, Fe, S, N, He, Ca, H2など数十の輝線 
・弱いながらもたくさんのBalmer線, Paschen
ラインはγ, βのみ, Brackett線はなし 
・Ca IIの三重線はCTTSよりも弱い 
CTTSの典型ではないがedge-onに近い円盤を
もったCTTSの特徴(TWA30と似ている) 
 
Par-Lup 3-4 
・通常の降着トレーサー 

・jetではいくらかの弱い輝線 
　([OI]λ6300, [SII]λ6731など) 
典型的なVLMSのスペクトル 
 

E. T. Whelan et al.: X-Shooter observations of the ESO-H! 574 and Par-Lup 3-4 Jets

Appendix A: Tables of identiÞed lines and line ßuxes

Table A.1.ESO-H! 574 emission line ßuxes.

IdentiÞcation
" air (•) Ion Type Eu (cm�1) Knot " obs (•) Flux ( ⇥10�17 erg/s/cm2)
3721.9a H I 14Ð2 109 119.2 3721.8 3.5± 0.5
3721.6a [S III] 1S0Ð3P1 27 161.00
3726.0 [O II] 2D3/2Ð4S3/2 26 830.6 3726.0 76.8± 0.5

A 3726.0 71.7± 0.5
B 3726.0 18.3± 0.5
E 3726.6 9.2± 0.5

3728.8 [O II] 2D5/2Ð4S3/2 26 810.6 3728.8 38.0± 0.5
A 3728.8 46.7± 0.5
B 3728.8 22.5± 0.5
E 3729.0 13.3± 0.5

3734.4 H I 13Ð2 109 029.8 3734.3 1.3± 0.5
3750.2 H I 12Ð2 10 8917.1 3750.3 1.4± 0.5
3769.9a [Co II] a3H5Ða3F3 27 469.1 1.7± 0.5
3770.2a Ti I s3F4Ða3G3 41 624.2
3770.6 H I 11Ð2 108 772.3 3771.3 1.7± 0.5
3797.9 H I 10Ð2 108 582.0 3797.8 2.3± 0.5
3835.3 H I 9Ð2 108 324.7 3835.3 4.9± 0.5
3869.1 [Ne III] 1D2Ð3P2 25 838.7 3968.9 11.5± 0.5
3889.0 H I 8Ð2 107 965.1 3888.9 1.2± 0.5
3933.7 Ca II 2P3/2Ð2S1/2 25 414.4 3933.7 16.6± 0.3
3967.8 [Ne III] 1D2Ð3P1 25 838.7 3967.4 4.7± 0.3
3968.2a [Fe II] a4G5/2Ða6D3/2 26 055.4 3968.5 12.5± 0.3
3968.2a [Ti II] c2D5/2Ða4F3/2 25 192.8
3968.4a Ca II 2P1/2Ð2S1/2 25 191.5
3970.1 H I 7Ð2 107 440.5 3970.1 10.0± 0.3

A 3970.1 3.35± 0.3
4068.6 [S II] 2P3/2Ð4S3/2 24 571.5 4068.6 149.0± 0.4

A 4068.5 41.7± 0.4
4076.3 [S II] 2P1/2Ð4S3/2 24 524.8 4076.3 50.1± 0.4

A 4076.3 15.9± 0.4
4101.7 H I 6Ð2 106 632.2 4101.8 13.4± 0.4

A 4101.8 8.8± 0.4
4114.5 [Fe II] b2H11/2Ða4F9/2 26 170.2 4114.5 2.7± 0.4
4211.1 [Fe II] b2H11/2Ða4F7/2 26 170.2 4211.1 1.2± 0.4
4244.0 [Fe II] a4G11/2Ða4F9/2 25 428.8 4244.0 6.0± 0.5
4276.8 [Fe II] a4G9/2Ða4F7/2 25 805.3 4276.9 2.5± 0.5
4287.4 [Fe II] a6S5/2Ða6D9/2 23 317.6 4287.4 6.6± 0.4
4319.6 [Fe II] a4G7/2Ða4F5/2 25 981.6 4319.6 1.9± 0.3
4340.5 H I 5Ð2 105 291.7 4340.4 25.0± 0.4

A 4340.5 18± 0.4
4346.9 [Fe II] a4G11/2Ða4F7/2 25 428.8 4346.6 0.7± 0.3
4347.4 [Fe II] b4D5/2Ða4D5/2 31 387.9 4347.6 1.0± 0.3
4352.8 [Fe II] a4G9/2Ða4F5/2 25 805.3 4352.8 1.0± 0.3
4359.3 [Fe II] a6S5/2Ða6D7/2 23 317.6 4359.3 4.8± 0.3
4362.7 C I 3D3Ð3D3 87 002.3 4362.5 0.8± 0.3
4363.2 [O III] 1S0Ð1D2 43 185.7 4363.4 3.0± 0.3
4413.8 [Fe II] a6S5/2Ða6D5/2 23 317.6 4413.8 3.1± 0.3
4416.3 [Fe II] b4F9/2Ða6D9/2 22 637.2 4416.3 4.4± 0.3
4432.4 [Fe II] b4F5/2Ða6D7/2 22 939.4 4432.7 1.6± 0.3
4438.9 [Fe II] b4D1/2Ða4D1/2 31 368.5 4439.2 1.0± 0.4
4452.1 [Fe II] a6S5/2Ða6D3/2 23 317.6 4452.2 2.8± 0.4
4457.9 [Fe II] b4F7/2Ða6D7/2 22 810.4 4457.9 2.3± 0.3
4471.7 He I 3D1Ð3P0 191 444.6 4471.5 4.0± 0.4
4571.1a K I 2D3/2Ð2P3/2 34 913.3 4571.5 3.2± 0.4
4571.1a Mg I] 3P1Ð1S0 21 870.5
4580.8 [Cr II] a4P3/2Ða6S5/2 21 824.1 4580.8 1.4± 0.3
4607.0 [Fe III] 3F3Ð5D4 21 699.9 4606.8 1.0± 0.3
4658.1 [Fe III] 3F4Ð5D4 21 462.2 4658.1 9.2± 0.3

Notes.Fluxes refer to knot A1, are in units of erg/s/cm2 ⇥ 10�17 and are not extinction corrected. Where the identiÞed lines are also found in
knots A, B or E the observed wavelengths and ßuxes are also given. The regions over which the spectra for A1, A, B and E are extracted are shown
in Fig. 2. The horizontal lines separate the UVB, VIS and NIR arms.(a) blended lines.
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Table A.1. continued.

Identification
�air (Å) Ion Type Eu (cm�1) Knot �obs (Å) Flux (⇥10�17 erg/s/cm2)

A 10 286.6 20 ± 1
10 320.5 [S II] 2P3/2–2D5/2 24 571.5 10 320.4 64 ± 1

A 10 320.4 20 ± 1
10 336.4 [S II] 2P1/2–2D3/2 24 524.8 10 336.3 50 ± 1

A 10 336.3 14 ± 1
10 370.5 [S II] 2P1/2–2D5/2 24 524.8 10 370.4 22 ± 1

A 10 370.4 7 ± 1
10 397.7a [N I] 2P3/2–2D5/2 28 839.3 10 398.0 4 ±1
10 398.2a [N I] 2P1/2–2D5/2 28 838.9
10 407.2a [N I] 2P3/2–2D3/2 28 839.3 10 407.2 3 ± 1
10 407.6a [N I] 2P1/2–2D3/2 28 838.9
10 830.3 He I 3P1–3S1 169 087.0 10 830.1 132.7 ± 0.8

A 10 830.3 56.2 ± 0.3
10 938.0 H I 0–3 106 632.2 10 937.8 14.5 ± 0.8
11 618.9 [Ti II] a2G7/2–a4F9/2 8997.7 11 618.9 6 ± 1
12 485.4 [Fe II] a4D5/2–a6D7/2 8391.9 12 484.9 2.3 ± 0.4
12 566.8 [Fe II] a4D7/2–a6D9/2 7955.3 12 566.6 82.7 ± 0.7

A 12 566.4 16.7 ± 0.2
12 610.9 [Cr I] a5D2–a7S3 7927.5 12 611.0 3 ± 1
12 787.8 [Fe II] a4D3/2–a6D3/2 8680.45 12 787.5 11 ± 2
12 818.1 H I 5–3 105 291.7 12 817.7 13 ± 1
12 942.7 [Fe II] a4D5/2–a6D5/2 8391.9 12 942.5 13.8 ± 0.8
12 977.7 [Fe II] a4D3/2–a6D1/2 8680.4 12 977.8 3.7 ± 0.8
13 205.5 [Fe II] a4D7/2–a6D7/2 7955.30 13 205.3 26.9 ± 0.8
13 277.8 [Fe II] a4D5/2–a6D3/2 8391.9 13 277.8 9.5 ± 0.9
15 334.7 [Fe II] a4D5/2–a4F9/2 8391.9 15 334.4 13.9 ± 0.6
15 994.7 [Fe II] a4D3/2–a4F7/2 8680.5 15 994.7 14.4 ± 0.5
16 435.5 [Fe II] a4D7/2–a4F9/2 7955.3 16 435.3 72.5 ± 0.7
16 637.7 [Fe II] a4D1/2–a4F5/2 8846.8 16 637.4 7.2 ± 0.6
16 768.8 [Fe II] a4D5/2–a4F7/2 8391.9 16 768.1 16.7 ± 0.6
17 475.0 H2 1-0S(7) 1.74746 9.3 ± 0.9
17 971.0 [Fe II] a4D3/2–a4F3/2 8680.5 17 970.7 4 ± 1
18 093.9 [Fe II] a4D7/2–a4F7/2 7955.3 18 093.5 16 ± 2
19 570.2 H2 1-0S(3) 19 570.8 69.7 ± 0.2
21 212.5 H2 1-0S(1) 21 212.5 39.2 ± 0.2
22 226.8 H2 1-0S(0) 22 227.0 8.4 ± 0.3
22 471.0 H2 2-1S(1) 22 470.0 4.8 ± 0.3
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Table A.1. ̶ ESO Hα 574で検出された輝線とそのフラックス 



減光量の評価 (質量降着率の見積もりに必要) 
同じスペクトル型の減光なしClass IIIテンプレートとスペクトルを比較 
(i) 750 nmのフラックスでテンプレートを規格化 
(ii) Av=0Ð4.0 magの人工的な赤化を加えて観測の傾きを再現 
Relative extinctionはESO-Hα 574 で1.5 mag、Par-Lup 3-4ではなし 
・光度は上の減光補正を加えても同質量の典型的なものより小さい 
・円盤による掩蔽のためのgrey extinction(波長に依らない減光?)の影響 
・ESO-Hα 574では150倍、Par-Lup 3-4では25倍暗い 
 
質量降着率の見積もり 

      により質量降着率を計算 
以前に比べて 
・フラックスキャリブレーションが改善 
・天体に近い成分のみでLline→Laccを計算 
・新たな減光量を適用 
・LlineからLaccを求める際に新たな関係を適用 

          により掩蔽の影響を補正 
掩蔽の補正後の降着率は 

        ESO-Hα 574 
        Par-Lup 3-4 
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X-Shooter Spectra of the Par-Lup3-4 Jet

Fig. 7. Position velocity diagram of the Par-Lup 3-4 jet in [S II]! 6731
with the velocity centroid measured at various positions along the jet
marked (red crosses). Right panel: line profiles corresponding to each
red cross. Contours begin at 1.5 ! 10" 18 erg/s/cm2 and increase logarith-
mically to 68 ! 10" 18 erg/s/cm2. Velocities are systemic. The extraction
window for the spectra of the blue and red jets are also shown. The
fluxes of the lines which are detected in these regions of the jets are
given in Table A.2. The Par-Lup 3-4 jet is fairly symmetric and clearly
the velocity of both lobes increases with distance from the source.
Comerón & Fernández (2011) note the presence of a small red-shifted
knot at #–2.$$5 which is also seen here.

with distance from source has commonly been observed for jets
driven by CTTSs (Davis et al. 2003) and is a feature of a mag-
netically driven flow (Whelan et al. 2004).

4.4. Estimates of extinction

An accurate estimate of the extinction is necessary for measur-
ing Ṁacc (from the luminosity of accretion indicators), and thus
the ratio Ṁout/Ṁacc. However, for sources possessing an edge-on
disk, like the ones under investigation here, this can be compli-
cated by the scattering from the disk material, which can pro-
duce grey extinction, i.e. light suppression independent of wave-
length (Mohanty et al. 2007). For ESO-H" 574, Luhman (2007)
estimated AJ = 0.45 mag meaning that the visual extinction
(AV) % 1.7 mag. Literature values of AV for Par-Lup 3-4 range
from 2 mag to 5 mag, depending on the colours used to estimate
reddening and an average of #3.5 mag has been used in other
studies (Comerón et al. 2003). In Bacciotti et al. (2011), using
the above results, we adopted AV = 3.5 mag and AV = 1.7 mag
for Par-Lup 3-4 and ESO-H" 574, respectively.

One goal of the present work was to recover more accu-
rate values for the extinction of both sources. This was done
by comparing their spectra with the X-Shooter spectra of young
zero-extinction Class III templates (Manara et al. 2013) of the
same spectral type. The match was performed by applying to
the template (i) a constant factor to normalise the flux and (ii)
an reddening law to impose an artificial reddening and repro-
duce the slope of the observed spectrum. If the latter correction
is zero, then extinction is most likely grey. Uncertainties in spec-
tral types and in extinction of the templates lead globally to an
error of <0.50 mag. Note however that veiling (especially strong
in ESO-H" 574) and dust scattering both increasing toward the
blue, may still lead to an underestimation of the extinction. See
also Alcalá et al. (2014).

The comparison was carried out as follows. The templates
were normalised to the flux at 750 nm and then artificially red-
dened between AV = 0...4.0 mag, in steps of 0.25 mag, until

the best match to the Par-Lup 3-4 and ESO-H" 574 spectra
was determined. It was found that a relative extinction correc-
tion of 1.5 mag is needed to best match the K8-type template
to the spectrum of ESO-H" 574, whereas no relative extinction
is necessary to match the M5-type template to the spectrum of
Par-Lup 3-4, suggesting that Par-Lup 3-4 is dominated by grey
extinction. The extinction-corrected luminosity of ESO-H" 574,
however, is still considerably lower than the average luminos-
ity of other YSOs of similar mass in Cha I-north. We argue
therefore that ESO-H" 574 is also a↵ected by grey extinction.
This is supported by the similarity of this system with the one of
TWA30 described in Looper et al. (2010a,b). There is evidence
that TWA 30A has an edge-on disk and it exhibits similar spec-
tra to ESO-H" 574, in that strong outflow tracers are detected
but accretion tracers are relatively weaker.

In principle the adopted normalisation factor should be a
measure of the obscuration of the source by the intervening disk.
This could in fact be obtained by multiplying the flux ratio of
the object to the template by the square of the ratio of their
distances, assuming a similar stellar radius. The template and
the object, however, are generally not in the same evolution-
ary stage and hence have di↵erent radii. Also, the uncertainties
in distances are large. Therefore we keep with the approach of
Bacciotti et al. (2011) and adopt a “grey” obscuration factor of
approximately 150 and 25 for ESO-H" 574 and Par-Lup 3-4, re-
spectively. Bacciotti et al. (2011) obtained these values by com-
paring luminosities corrected for any relative extinction to the
average luminosities of young stars of similar mass in the same
star forming regions. Regarding the forbidden lines generated in
the jets, however, we note that from analyses of infrared lines
of Fe+ , Giannini et al. (2013) find that these regions are not af-
fected by extinction. Therefore AV = 0 is assumed for the diag-
nostics of physical conditions in the jets of both sources.

4.5. Estimates of Ṁ
acc

As discussed in the Introduction, previous estimates of Ṁacc for
both ESO-H" 574 and Par-Lup 3-4 were re-analysed. Ṁacc is
calculated from the equation,

Ṁacc = 1.25(LaccR&)/ (GM&) (1)

where Lacc is computed from Lline (Gullbring et al. 1998). Lline is
the line luminosity derived from the measured fluxes after cor-
rection for relative extinction, and R&, M& are the stellar radius
and mass. For both sources Lline was estimated from the line
fluxes reported in Tables A.1 and A.2. So for ESO-H" 574 it is
the luminosity of the lines extracted from the region of knot A1.
M& and R& are taken at 0.5 M' and 0.13 M' , and at 0.12 R'
and 0.18 R' , for ESO-H" 574 and Par-Lup 3-4, respectively.
The values of L and Te↵ used in the computation of R& are taken
from Merín et al. (2008) and Luhman (2007).

The new estimates di↵er from those presented in Bacciotti
et al. (2011) due to the following factors. Firstly, improvements
in the flux calibration mean that line fluxes and therefore values
of Lline have changed. Early versions of the X-Shooter pipeline
did not o↵er a reliable flux calibration but this situation has since
been resolved. This was more of an issue for ESO-H" 574, as
fluxes are now found to be lower by a factor 4–5. Improvements
in background and skyline subtraction, 1D extraction, and tel-
luric correction also led to more accurate measurements of Lline.
Secondly, for the calculation of Lline only the line emission close
to the source, i.e. knot A1 in the case of ESO-H" 574 and the
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arcsecond centred on the star in the case of Par-Lup 3-4, is con-
sidered. Previously, the emission extracted over the whole spa-
tial range of the spectrum was considered. Thirdly, the new es-
timates of relative extinction described in the above paragraph
have been applied using the extinction curves of Weingartner &
Draine (2001). Finally, for the calculation of Lacc from Lline the
new relationships described in Alcalá et al. (2014) are adopted.
These relationships consider a combination of all the accretion
indicators calibrated on sources for which the Balmer jump has
been measured simultaneously.

The obscuration e↵ect of the edge-on disks of both sources
causing grey extinction is corrected for in the following way. At
fixed mass Eq. (1) implies Ṁacc / Lacc · L0.5

⇤ , as the stellar radius
goes as the square root of the luminosity. Assuming that the same
obscuration factor suppresses both Lacc and L⇤, Ṁacc is corrected
using:

Ṁacc(corrected) = (obscuration f actor)1.5 ⇤ Ṁacc (2)

where the obscuration factor was taken to be 150 and 25 for
ESO-H↵ 574 and Par-Lup 3-4, respectively, as described in
Section 4.4. In Fig. 8, Ṁacc for ESO-H↵ 574 and Par-Lup 3-4
is shown, with the black and red points resulting from the cal-
culation before and after correction for the obscuration factor.
Considering the corrected values, results put the mean accre-
tion rate at log (Ṁacc) = �9.15 ± 0.45 M� yr�1 for ESO-H↵ 574
and �9.30 ± 0.27 M� yr�1 for Par-Lup 3-4. The errors are the
1� value marked in Fig. 8. Ṁacc for ESO-H↵ 574 is at the lower
end of the range of values of Ṁacc measured for other K type
YSOs (Gullbring et al. 1998), and a factor ten lower than the
approximate estimate in Bacciotti et al. (2011) with obscuration
considered. The result for Par-Lup 3-4 is closer to our previ-
ous estimate in Bacciotti et al. (2011), and it is in agreement
with previous results for M type YSOs (Antoniucci et al. 2011;
Herczeg & Hillenbrand 2008; Hartigan et al. 1995).

These values of Ṁacc are compared in Sect. 4.6.3 with new
estimates of Ṁout. First note however, that additional uncertain-
ties a↵ect the Ṁacc estimate of ESO-H↵ 574. For ESO-H↵ 574
the accretion indicators are clearly dominated by jet emission.
This can be seen in the PV plots of Fig. 2 where the emission
peaks are always o↵set and also in the spectro-astrometric analy-
sis presented in Fig. 6. Also refer to the discussion of the Balmer
decrements in Sect. 4.6.1 below. This can lead to inconsisten-
cies because, on one hand, the obscuration factor is estimated
from the continuum radiation and not from the line emission,
and on the other hand, the empirical relationships between Lline
and Lacc, are derived from a sample of sources in Lupus (Alcalá
et al. 2014) where Lline is actually dominated by accretion. As
an attempt to quantify these caveats, Lacc is also derived using a
linear correlation with an indirect tracer, i.e. the [OI]�6300 line
(Herczeg & Hillenbrand 2008). The [OI]�6300 line is normally
a strong tracer of protostellar jets and here we use the fact that
empirical correlations between Ṁacc and [OI] �6300 have shown
that [OI] �6300 indirectly traces accretion. As the [OI]�6300
emission originates mostly in the extended regions, it is not af-
fected by the obscuration of the disk and therefore one could
expect Ṁacc derived from the [OI]�6300 line to agree with the
obscuration corrected values of Ṁacc derived from the accretion
tracers. Thus Ṁacc calculated from the [OI]�6300 line is a test of
the accuracy of the obscuration correction. However, it should
be kept in mind that the [OI]�6300 correlation with Lacc is not
perfect and Herczeg & Hillenbrand (2008) point out that the
extended [OI]�6300 emission may enter the slit only partially,
which could account for the correlation scatter. In Fig. 8 it can
be seen that the Macc([O !]) result for Par-Lup 3-4 is perfectly

Fig. 8.Mass accretion rate calculated for various accretion indicators in
ESO-H↵ 574 (top) and Par-Lup 3-4 (bottom). The red points are the val-
ues of Ṁacc after correction for obscuration by the disk. [OI]�6300 emis-
sion is an indirect indicator of accretion coming from extended regions
and as such is blocked by disk. Therefore it is used as a test of the fac-
tor chosen to correct the other tracers for disk obscuration. The solid
line gives the mean value of log (Ṁacc) and the dashed line is the ±1�
uncertainty.

consistent with the corresponding values derived from the direct
accretion tracers, corrected for obscuration. The comparison is
not as good for ESO-H↵ 574, however. The discrepancy may
be alleviated considering that an imperfect sky line subtraction
may have suppressed part of the [OI] flux. Furthermore, veiling
and scattering close to the source may have actually a↵ected the
line, while here it is assumed to be seen under zero extinction
conditions.

4.6. Physical properties of the gas and mass outflow rates

4.6.1. Diagnostics from hydrogen lines

In order to understand the physical conditions in the various
emitting regions of ESO-H↵ 574 and Par-Lup 3-4 the hydro-
gen emission from A1 and A in the ESO-H↵ 574 flow and
from Par-Lup 3-4 was investigated. A1 which covers the re-
gion �0.005 to 1.005 also includes the emission from ESO-H↵ 574
itself. Numerous HI emission lines are detected in the spectra of
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arcsecond centred on the star in the case of Par-Lup 3-4, is con-
sidered. Previously, the emission extracted over the whole spa-
tial range of the spectrum was considered. Thirdly, the new es-
timates of relative extinction described in the above paragraph
have been applied using the extinction curves ofWeingartner &
Draine(2001). Finally, for the calculation ofLacc from Lline the
new relationships described inAlcal‡ et al.(2014) are adopted.
These relationships consider a combination of all the accretion
indicators calibrated on sources for which the Balmer jump has
been measured simultaneously.

The obscuration e↵ect of the edge-on disks of both sources
causing grey extinction is corrected for in the following way. At
Þxed mass Eq. (1) implies úMacc/ Lacc · L0.5

⇤ , as the stellar radius
goes as the square root of the luminosity. Assuming that the same
obscuration factor suppresses bothLacc andL⇤, úMacc is corrected
using:

úMacc(corrected) = (obscuration f actor)1.5 ⇤ úMacc (2)

where the obscuration factor was taken to be 150 and 25 for
ESO-H! 574 and Par-Lup 3-4, respectively, as described in
Section 4.4. In Fig.8, úMacc for ESO-H! 574 and Par-Lup 3-4
is shown, with the black and red points resulting from the cal-
culation before and after correction for the obscuration factor.
Considering the corrected values, results put the mean accre-
tion rate at log (úMacc) = �9.15± 0.45M� yr�1 for ESO-H! 574
and�9.30± 0.27M� yr�1 for Par-Lup 3-4. The errors are the
1" value marked in Fig. 8.úMacc for ESO-H! 574 is at the lower
end of the range of values ofúMacc measured for other K type
YSOs (Gullbring et al.1998), and a factor ten lower than the
approximate estimate inBacciotti et al.(2011) with obscuration
considered. The result for Par-Lup 3-4 is closer to our previ-
ous estimate inBacciotti et al.(2011), and it is in agreement
with previous results for M type YSOs (Antoniucci et al.2011;
Herczeg & Hillenbrand2008; Hartigan et al.1995).

These values ofúMacc are compared in Sect. 4.6.3 with new
estimates ofúMout. First note however, that additional uncertain-
ties a↵ect the úMacc estimate of ESO-H! 574. For ESO-H! 574
the accretion indicators are clearly dominated by jet emission.
This can be seen in the PV plots of Fig. 2 where the emission
peaks are always o↵set and also in the spectro-astrometric analy-
sis presented in Fig.6. Also refer to the discussion of the Balmer
decrements in Sect. 4.6.1 below. This can lead to inconsisten-
cies because, on one hand, the obscuration factor is estimated
from the continuum radiation and not from the line emission,
and on the other hand, the empirical relationships betweenLline
andLacc, are derived from a sample of sources in Lupus (Alcal‡
et al. 2014) whereLline is actually dominated by accretion. As
an attempt to quantify these caveats,Lacc is also derived using a
linear correlation with an indirect tracer, i.e. the [OI]#6300 line
(Herczeg & Hillenbrand2008). The [OI]#6300 line is normally
a strong tracer of protostellar jets and here we use the fact that
empirical correlations betweenúMaccand [OI]#6300 have shown
that [OI] #6300 indirectly traces accretion. As the [OI]#6300
emission originates mostly in the extended regions, it is not af-
fected by the obscuration of the disk and therefore one could
expect úMacc derived from the [OI]#6300 line to agree with the
obscuration corrected values ofúMacc derived from the accretion
tracers. ThusúMacc calculated from the [OI]#6300 line is a test of
the accuracy of the obscuration correction. However, it should
be kept in mind that the [OI]#6300 correlation withLacc is not
perfect andHerczeg & Hillenbrand(2008) point out that the
extended [OI]#6300 emission may enter the slit only partially,
which could account for the correlation scatter. In Fig.8 it can
be seen that theMacc([O !]) result for Par-Lup 3-4 is perfectly

Fig. 8. Mass accretion rate calculated for various accretion indicators in
ESO-H! 574 (top) and Par-Lup 3-4 (bottom). The red points are the val-
ues of úMaccafter correction for obscuration by the disk. [OI]#6300 emis-
sion is an indirect indicator of accretion coming from extended regions
and as such is blocked by disk. Therefore it is used as a test of the fac-
tor chosen to correct the other tracers for disk obscuration. The solid
line gives the mean value of log (úMacc) and the dashed line is the±1"
uncertainty.

consistent with the corresponding values derived from the direct
accretion tracers, corrected for obscuration. The comparison is
not as good for ESO-H! 574, however. The discrepancy may
be alleviated considering that an imperfect sky line subtraction
may have suppressed part of the [OI] ßux. Furthermore, veiling
and scattering close to the source may have actually a↵ected the
line, while here it is assumed to be seen under zero extinction
conditions.

4.6. Physical properties of the gas and mass outflow rates

4.6.1. Diagnostics from hydrogen lines

In order to understand the physical conditions in the various
emitting regions of ESO-H! 574 and Par-Lup 3-4 the hydro-
gen emission from A1 and A in the ESO-H! 574 ßow and
from Par-Lup 3-4 was investigated. A1 which covers the re-
gion�0.005 to 1.005 also includes the emission from ESO-H! 574
itself. Numerous HI emission lines are detected in the spectra of
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arcsecond centred on the star in the case of Par-Lup 3-4, is con-
sidered. Previously, the emission extracted over the whole spa-
tial range of the spectrum was considered. Thirdly, the new es-
timates of relative extinction described in the above paragraph
have been applied using the extinction curves ofWeingartner &
Draine(2001). Finally, for the calculation ofLacc from Lline the
new relationships described inAlcal‡ et al.(2014) are adopted.
These relationships consider a combination of all the accretion
indicators calibrated on sources for which the Balmer jump has
been measured simultaneously.

The obscuration e! ect of the edge-on disks of both sources
causing grey extinction is corrected for in the following way. At
Þxed mass Eq. (1) implies úMacc ! LaccáL0.5

" , as the stellar radius
goes as the square root of the luminosity. Assuming that the same
obscuration factor suppresses bothLacc andL" , úMacc is corrected
using:

úMacc(corrected) = (obscuration f actor)1.5 " úMacc (2)

where the obscuration factor was taken to be 150 and 25 for
ESO-H↵ 574 and Par-Lup 3-4, respectively, as described in
Section 4.4. In Fig.8, úMacc for ESO-H↵ 574 and Par-Lup 3-4
is shown, with the black and red points resulting from the cal-
culation before and after correction for the obscuration factor.
Considering the corrected values, results put the mean accre-
tion rate at log (úMacc) = #9.15± 0.45M$ yr#1 for ESO-H↵ 574
and#9.30 ± 0.27M$ yr#1 for Par-Lup 3-4. The errors are the
1� value marked in Fig. 8.úMacc for ESO-H↵ 574 is at the lower
end of the range of values ofúMacc measured for other K type
YSOs (Gullbring et al.1998), and a factor ten lower than the
approximate estimate inBacciotti et al.(2011) with obscuration
considered. The result for Par-Lup 3-4 is closer to our previ-
ous estimate inBacciotti et al.(2011), and it is in agreement
with previous results for M type YSOs (Antoniucci et al.2011;
Herczeg & Hillenbrand2008; Hartigan et al.1995).

These values ofúMacc are compared in Sect. 4.6.3 with new
estimates ofúMout. First note however, that additional uncertain-
ties a! ect the úMacc estimate of ESO-H↵ 574. For ESO-H↵ 574
the accretion indicators are clearly dominated by jet emission.
This can be seen in the PV plots of Fig. 2 where the emission
peaks are always o! set and also in the spectro-astrometric analy-
sis presented in Fig.6. Also refer to the discussion of the Balmer
decrements in Sect. 4.6.1 below. This can lead to inconsisten-
cies because, on one hand, the obscuration factor is estimated
from the continuum radiation and not from the line emission,
and on the other hand, the empirical relationships betweenLline
andLacc, are derived from a sample of sources in Lupus (Alcal‡
et al. 2014) whereLline is actually dominated by accretion. As
an attempt to quantify these caveats,Lacc is also derived using a
linear correlation with an indirect tracer, i.e. the [OI]�6300 line
(Herczeg & Hillenbrand2008). The [OI]�6300 line is normally
a strong tracer of protostellar jets and here we use the fact that
empirical correlations betweenúMaccand [OI]�6300 have shown
that [OI] �6300 indirectly traces accretion. As the [OI]�6300
emission originates mostly in the extended regions, it is not af-
fected by the obscuration of the disk and therefore one could
expect úMacc derived from the [OI]�6300 line to agree with the
obscuration corrected values ofúMacc derived from the accretion
tracers. ThusúMacc calculated from the [OI]�6300 line is a test of
the accuracy of the obscuration correction. However, it should
be kept in mind that the [OI]�6300 correlation withLacc is not
perfect andHerczeg & Hillenbrand(2008) point out that the
extended [OI]�6300 emission may enter the slit only partially,
which could account for the correlation scatter. In Fig.8 it can
be seen that theMacc([O !]) result for Par-Lup 3-4 is perfectly

Fig. 8.Mass accretion rate calculated for various accretion indicators in
ESO-H↵ 574 (top) and Par-Lup 3-4 (bottom). The red points are the val-
ues of úMaccafter correction for obscuration by the disk. [OI]�6300 emis-
sion is an indirect indicator of accretion coming from extended regions
and as such is blocked by disk. Therefore it is used as a test of the fac-
tor chosen to correct the other tracers for disk obscuration. The solid
line gives the mean value of log (úMacc) and the dashed line is the±1�
uncertainty.

consistent with the corresponding values derived from the direct
accretion tracers, corrected for obscuration. The comparison is
not as good for ESO-H↵ 574, however. The discrepancy may
be alleviated considering that an imperfect sky line subtraction
may have suppressed part of the [OI] ßux. Furthermore, veiling
and scattering close to the source may have actually a! ected the
line, while here it is assumed to be seen under zero extinction
conditions.

4.6. Physical properties of the gas and mass outflow rates

4.6.1. Diagnostics from hydrogen lines

In order to understand the physical conditions in the various
emitting regions of ESO-H↵ 574 and Par-Lup 3-4 the hydro-
gen emission from A1 and A in the ESO-H↵ 574 ßow and
from Par-Lup 3-4 was investigated. A1 which covers the re-
gion #0.%%5 to 1.%%5 also includes the emission from ESO-H↵ 574
itself. Numerous HI emission lines are detected in the spectra of
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ガスの物理性質と質量放出率 
Balmer decrementsを計算 
輝線比を上準位の量子数の関数としてプロット 
・Case B (赤・黒) 
・光学的に薄いLTE (青) 
と比較 (光学的に厚い場合も試したが合わなかった) 
 
ESO-Hα 574 (A1, A) 
・Case B (104 cm-3, ~10000 K) がよく合う (A1はTe=20000 
KのLTEでもよい) 
・密度104 cm-3, 温度10000Ð20000 Kはjet起源と矛盾しない 
・A1はESO-Hα 574自身を含んでいるが放射の大半は
outflowからきている 
Par-Lup 3-4 

・Case B (108Ð10 cm-3, ~10000 K) 
・Magnetospheric accretion flow起源 
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Fig. 9. Balmer decrements for ESO-H↵ 574, regions A1 (top) and A
(bottom), Þtted with Case B recombination (black and red lines) and
LTE optically thin models (blue line). For the Case B scenario, the best
Þt is o! ered byne = 104 cm! 3, Te = 10 000 K. The LTE optically thin
case withTe = 20 000 K provides an equally good Þt. The results agree
with the fact that for region A1, emission from the accretion zone is
dominated by the outßow emission.

both sources and the Balmer decrements for ESO-H↵ 574 A1, A
and Par-Lup 3-4 were computed (with respect to H�). The line
ratios are plotted as a function of their upper quantum number
(nup) and results are presented in Figs.9 and10. While the spec-
tral range of X-Shooter covers all of the Balmer lines, any lines
with nup > 13 were found to be too noisy for inclusion in the
analysis. Additionally, at the intermediate spectral resolution of
X-Shooter the H7 and H8 lines are blended with other lines and
are therefore also not included. It is noted that only the brightest
Balmer lines were detected in knot A. To constrain the phys-
ical conditions in the emitting gas the decrements were Þrstly
compared to standard Case B predictions (red and black curves)
calculated for a range of temperature and density. The Case B
curves were derived using the calculations ofHummer & Storey
(1987) and the data Þles provided byStorey & Hummer(1995).
These models assume that all lines are optically thin. Secondly,
the decrements were also compared to optically thick and thin
local thermodynamic equilibrium cases (LTE, blue curves) ra-
tios, calculated over a temperature range of 2000 K to 20 000 K.
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Fig. 10.Balmer decrements for Par-Lup 3-4. Fluxes are extracted from
the source spectrum. The decrements are Þtted with Case B recombi-
nation (black and red lines) and LTE optically thin models (blue lines).
The best Þt is o! ered by the Case B scenario andne = 1010 cm! 3, Te=
10 000 K. This is consistent with magneto-spheric accretion.

The optically thick case turned out not to be applicable, as it did
not provide a good Þt to the results, and it is not shown here.

For regions A1 and A in the ESO-H↵ 574 outßow the Case
B model forne = 104 cm! 3, Te = 10 000 K is a good Þt to the
decrements, as well as, for A1, the LTE optically thin curve with
Te = 20 000 K. A density of" 104 cm! 3 and a temperature range
of 10 000Ð20 000 K is consistent with an origin in a jet and also
agrees with results published in other jet studies (Podio et al.
2011, 2008). This analysis shows that the bulk of the Balmer
emission from A1 comes from the outßow, in agreement with
the appearance of the PV diagrams of Fig.2 and the spectro-
astrometric analysis of the H↵ line for this source (Fig. 6).

The gas from Par-Lup 3-4 is constrained with the Case
B models, a high density of 108Ð1010 cm! 3 and a tempera-
ture of " 10 000 K. Such temperatures and densities agree with
an origin in magnetospheric accretion columns (Martin 1996).
For example,Muzerolle et al.(2001) investigated magneto-
spheric accretion in TTS and limited the temperature range of
magneto-spherically accreting gas at 6000 K< T < 12 000 K,
for 10! 6 M# yr! 1 $ úMacc $ 10! 10 M# yr! 1, where the lower gas
temperatures correspond to sources with higher mass accretion
rates. The origin of the Par-Lup 3-4 HI emission in accreting
gas is in agreement with the spectro-astrometric analysis of the
H↵ line (Bacciotti et al.2011).

The temperature estimated for Par-Lup 3-4 disagrees with
the results ofBary et al.(2008) who found that the temperature
of the gas emitting the Paschen and Brackett lines, in a sample
of TTSs, was best Þtted with a value of<" 2000 K. They argue
that while this value is well below the temperature predicted by
magnetospheric accretion models, the models do not currently
allow for the absorption by the gas of high energy photons from
the hot corona and/or accretion shocks. Inclusion of this method
of heating and ionisation means that the low gas temperature
can still be consistent with HI emission arising from accreting
gas, as the ionising photons allow for the production of intense
HI emission even at low temperatures. The majority of sources
in the sample ofBary et al.(2008) have values ofúMacc on the
order of 10! 7 M# yr! 1, corresponding to the lower end of the
temperature scale proposed byMuzerolle et al.(2001). While
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Fig. 9. Balmer decrements for ESO-H↵ 574, regions A1 (top) and A
(bottom), fitted with Case B recombination (black and red lines) and
LTE optically thin models (blue line). For the Case B scenario, the best
fit is o↵ered by ne = 104 cm�3, Te = 10 000 K. The LTE optically thin
case with Te = 20 000 K provides an equally good fit. The results agree
with the fact that for region A1, emission from the accretion zone is
dominated by the outflow emission.

both sources and the Balmer decrements for ESO-H↵ 574 A1, A
and Par-Lup 3-4 were computed (with respect to H�). The line
ratios are plotted as a function of their upper quantum number
(nup) and results are presented in Figs. 9 and 10. While the spec-
tral range of X-Shooter covers all of the Balmer lines, any lines
with nup > 13 were found to be too noisy for inclusion in the
analysis. Additionally, at the intermediate spectral resolution of
X-Shooter the H7 and H8 lines are blended with other lines and
are therefore also not included. It is noted that only the brightest
Balmer lines were detected in knot A. To constrain the phys-
ical conditions in the emitting gas the decrements were firstly
compared to standard Case B predictions (red and black curves)
calculated for a range of temperature and density. The Case B
curves were derived using the calculations of Hummer & Storey
(1987) and the data files provided by Storey & Hummer (1995).
These models assume that all lines are optically thin. Secondly,
the decrements were also compared to optically thick and thin
local thermodynamic equilibrium cases (LTE, blue curves) ra-
tios, calculated over a temperature range of 2000 K to 20 000 K.
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Fig. 10. Balmer decrements for Par-Lup 3-4. Fluxes are extracted from
the source spectrum. The decrements are fitted with Case B recombi-
nation (black and red lines) and LTE optically thin models (blue lines).
The best fit is o↵ered by the Case B scenario and ne = 1010 cm�3, Te =
10 000 K. This is consistent with magneto-spheric accretion.

The optically thick case turned out not to be applicable, as it did
not provide a good fit to the results, and it is not shown here.

For regions A1 and A in the ESO-H↵ 574 outflow the Case
B model for ne = 104 cm�3, Te = 10 000 K is a good fit to the
decrements, as well as, for A1, the LTE optically thin curve with
Te = 20 000 K. A density of ⇠104 cm�3 and a temperature range
of 10 000–20 000 K is consistent with an origin in a jet and also
agrees with results published in other jet studies (Podio et al.
2011, 2008). This analysis shows that the bulk of the Balmer
emission from A1 comes from the outflow, in agreement with
the appearance of the PV diagrams of Fig. 2 and the spectro-
astrometric analysis of the H↵ line for this source (Fig. 6).

The gas from Par-Lup 3-4 is constrained with the Case
B models, a high density of 108–1010 cm�3 and a tempera-
ture of ⇠10 000 K. Such temperatures and densities agree with
an origin in magnetospheric accretion columns (Martin 1996).
For example, Muzerolle et al. (2001) investigated magneto-
spheric accretion in TTS and limited the temperature range of
magneto-spherically accreting gas at 6000 K < T < 12 000 K,
for 10�6 M� yr�1 � Ṁacc � 10�10 M� yr�1, where the lower gas
temperatures correspond to sources with higher mass accretion
rates. The origin of the Par-Lup 3-4 HI emission in accreting
gas is in agreement with the spectro-astrometric analysis of the
H↵ line (Bacciotti et al. 2011).

The temperature estimated for Par-Lup 3-4 disagrees with
the results of Bary et al. (2008) who found that the temperature
of the gas emitting the Paschen and Brackett lines, in a sample
of TTSs, was best fitted with a value of <⇠2000 K. They argue
that while this value is well below the temperature predicted by
magnetospheric accretion models, the models do not currently
allow for the absorption by the gas of high energy photons from
the hot corona and/or accretion shocks. Inclusion of this method
of heating and ionisation means that the low gas temperature
can still be consistent with HI emission arising from accreting
gas, as the ionising photons allow for the production of intense
HI emission even at low temperatures. The majority of sources
in the sample of Bary et al. (2008) have values of Ṁacc on the
order of 10�7 M� yr�1, corresponding to the lower end of the
temperature scale proposed by Muzerolle et al. (2001). While
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電離輝線の診断 
Post-shocked ガス内で物理状態の勾配？ 
観測の輝線比と5準位モデル原子の数値計算から予測される値を比較 
ESO-Hα 574 
・1.4x104 K, 水素電離率 > 0.65, BとEでより高励起 
・電子密度は内から外に向かって4500 cm-3から160 cm-3へと減少 
Par-Lup 3-4 
・電離度は低い xe=2Ð6×10-3, 温度と電子密度は高い(2.5Ð3×104 K, 4000 cm-3) 
ESO-Hα 574のほうが高電離の輝線が豊富なのはこのため 
・励起度は高いが電子密度が低いためにBとEでは高励起輝線は検出されなかった 
・BとEはshock速度がA1とAおよびPar-Lup 3-4よりも速い 

¥! JetにおけるOutflow rateのよりよい診断 
¥! 5段階モデル原子を用いる 

E. T. Whelan et al.: X-Shooter observations of the ESO-H! 574 and Par-Lup 3-4 Jets

ESO-H!  574 Par-Lup 3-4

E A1 A B
R B

Fig. 11.Various line ratios tracing the excitation,ne, Te andxe of the gas in ESO-H! 574 A1, A, B and E and the Par-Lup 3-4 blue and red jets are
plotted. As some lines were not detected in B and E and in the Par-Lup 3-4 jets upper limits of 3" were assumed.

Table 1.Values of the di! erent variables used in Eq. (3).

Object vt (km s! 1) lt ("") ne (cm! 3) Te (104 K) xe úMout (10! 10 M# yr! 1) úMout/ úMacc

ESO HA 574
Knot A1 130± 30 2.8 4500± 225 1.4± 0.2 >0.65 5.0± 1.5
Knot A 130± 30 2.4 2100± 105 "" "" 3.7± 1.1 0.5 (+1.0)(! 0.2)
Knot B 220± 50 2.2 230± 11.5 "" "" 8.2± 2.5
Knot E 325± 50 2.3 160± 8.0 "" "" 3.5± 1.1 0.3 (+0.6)(! 0.1)
Par-Lup 3-4
Blue 170± 30 1.9 4300± 200 3.1± 0.5 (2.0± 0.2)$ 10! 3 0.3± 0.1 0.05 (+0.10)(! 0.02)
Red 170± 30 1.8 4600± 300 2.4± 0.6 (6.3± 0.2)$ 10! 3 0.29± 0.09 0.05 (+0.10)(! 0.02)

Par-Lup 3-4 has a lower value ofúMacc, which suggests higher
temperatures than for the sources in the study ofBary et al.
(2008).

4.6.2. Diagnostics from ionic lines

In Giannini et al. (2013) the numerous [Fe II] and [Fe III] lines
detected in our objects were used to derive the physical pa-
rameters (ne, xe and Te) at the base of the ESO-H! 574 and
Par-Lup 3-4 jets. This paper pointed out the large gradients of
physical conditions present in the post-shocked gas and that dif-
ferent lines/species probe di! erent gas layers. Here, to further
probe the gas in the two jets we employ the other line ratios sen-
sitive to the gas physical conditions. The gas physical conditions
are determined through a comparison of the observed values of
the line ratios with values predicted theoretically using a numer-
ical code that calculates the level population in a 5-level model
atom (Bacciotti & Eislš! el 1999; Podio et al.2006). Not all the
lines, however, are present in a given knot, thus di! erent combi-
nations are used in the various positions. The values of the con-
sidered ratios or their upper/lower limits are plotted in Fig.11
for knots A1, A, B and E of ESO-H! 574 and for the jets in
Par-Lup 3-4, and the results are given in Table 1.

For the ESO-H! 574 outßow a combination of [SII] lines
were used to estimatene andTe independently from the abun-
dance and ionisation of S. In particular for A1 and A the
[SII]#6716/[SII]# 6731 ratio, dependent strongly onne, and the
([SII]#4068+[SII]#4076)/([SII]#6716+ [SII]#6731) ratio, de-
pendent strongly onTe, were used. Values ofTe around 1.4 $
104 K, andne %4500, 2100 cm! 3 were measured in A1 and A,
respectively (see Table 1). Assuming the same temperature in
the outermost knots we obtainne %230 cm! 3 in B and 160 cm! 3

in E. Errors are 15% on the temperature and 5% on the electron

density. The ratio [NII]#6583/[OI]#6300, proportional to hydro-
gen ionisation fractionxe, indicatesxe > 0.65 in the ßow, and in-
creases moving away from the source. This is in agreement with
the value found on-source by Giannini et al. (2013). The high ex-
citation of B and E would seem to contradict the non-detection
of lines from higher ionisation lines such as [SIII] [OIII] in these
knots (see Fig. 2), however we argue that this is due to the low
electron density, not high enough to collisionally excite these
lines. Note that the values retrieved on knot A1 are consistent
with the estimates given inGiannini et al.(2013) for the analysis
of the [SII] lines. At variance, iron lines, probing gas at di! er-
ent excitation in the post-shocked gas, provide a range of val-
ues for these parameters. Temperature (density) values from the
[SII] lines are at the upper (lower) end of values derived from
the iron lines.

For the Par-Lup 3-4 case the ratio [OI]#6300/[SII]#6731
was used in conjunction with [SII]#6716/[SII]#6731 and
[NII] #6583/[OI]#6300, to Þndne,Te, xe within the framework
of the so-called BE technique (Bacciotti & Eislš! el 1999;
Podio et al. 2006). Here an improved BE procedure was
used which considers the variation ofTe with the [SII]#6716/
[SII]#6731ratio. Note that the BE technique is not applicable
to the ESO-H! 574 outßow because of the presence of higher
ionisation states of O and S close to the source, and absence of
[OI]#6300 in knots B and E. The results for the Par-Lup 3-4 jet
at the source position and in the blue and red lobes are given in
Table 1. Again the results are in agreement with the estimates of
Giannini et al.(2013) deduced from [SII] lines.

For both sources theTe sensitive ratio [SII] 1.03/
([SII]#6716+ [SII]#6731) was also investigated. While only up-
per limits are detected for Par-Lup 3-4, overall results are con-
sistent with the temperature being higher for Par-Lup 3-4 than
for the ESO-H! 574 outßow. On the other hand, the low level
of hydrogen ionisation for Par-Lup 3-4 is conÞrmed by the ratio
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  の見積もり 
表の電子密度と電子温度から質量放出率を見積もる 
 
 
 
 
質量放出率と円盤による掩蔽を考慮した質量降着率から 
・Par-Lup 3-4はjet launching modelと一致 
・ESO-Hα 574は大きい誤差があるがこのモデルを棄却はできない 
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of the [NI] and [NII] lines. The di↵erence in the xe and Te val-
ues between ESO-H↵ 574 and Par-Lup 3-4 can be explained in
the context of a shock framework, as described for example in
Hartigan et al. (1994). With reference to their Fig. 1, higher ve-
locity shocks result in high xe and high Te at the shock front,
but also a strong compression of the gas. As a result of the high
density the gas cools quickly and the temperature of the post-
shock region at the angular resolution of our observations is
not very high. Alternatively, in low velocity shocks, where the
gas has a low xe, the compression is lower and the cooling is
slower, thus the average temperature in the observed region has
a higher valuer. Following this logic would mean that B and E
in ESO-H↵ 574 are higher velocity shocks than A1, A and the
Par-Lup 3-4 jets. This explains why ESO-H↵ 574 has a spectrum
much richer in lines from high ionised species, such as [OIII] and
[SIII], not detected in the Par-Lup 3-4 outflow. Hartigan et al.
(1994) also plot the various line ratios as a function of shock
velocity (see their Figs. 10 to 14). We used these models to es-
timate the shock velocities and found that for the Par-Lup 3-4
jets and ESO-H↵ 574 inner knots, shock speeds of 30 km s! 1

to 60 km s! 1 are indicated, while speeds reach " 90 km s! 1 in B
and E of ESO-H↵ 574.

4.6.3. Estimates of Ṁout /Ṁacc

The values of ne and Te given in Table 1 are now used to esti-
mate Ṁout. This is done through a comparison of the observed
and theoretical line luminosity produced in a given forbidden
line. To this aim the luminosity LSII of the [SII]�6731 line was
considered in the separate knots making up the ESO-H↵ 574 out-
flow and in the Par-Lup 3-4 blue and red jets. Following Nisini
et al. (2005); Podio et al. (2006) we use the relationship

Ṁout = µ mH (nH V) vt/ lt (3)

with nH V = LSII
!
h ⌫ Ai fi Xi

X
X
H

"! 1
. Here µ = 1.24 is the mean

atomic weight, mH the proton mass, V the volume e↵ectively
filled by the emitting gas, vt and lt the tangential velocity and
length of the knot, Ai and fi the radiative rate and upper level
population relative to the considered transition and finally Xi

X
and X

H are the ionisation fraction and the relative abundance of
the considered species. The tangential velocities of the knots as
estimated in Bacciotti et al. (2011) are used here and the knot
lengths are given in Sect. 4.1. These values are also given in
Table 1. The S = S+ , elemental abundance is taken from Asplund
et al. (2005), and the level population is calculated numerically
as described in Podio et al. (2006). Note that the new estimate
is more accurate than in Bacciotti et al. (2011), firstly due to the
new values of the observed fluxes, that originate from an im-
proved treatment of the flux calibration and the new extinction
estimates. Secondly, and most importantly Ṁout is now calcu-
lated using the jet parameters derived directly from the spectra,
rather than from an approximate formula based on the value of
the critical density at an assumed unknown temperature, as was
done previously for outflows from stars of very low mass.

These updated measurements of Ṁout and thus Ṁout/Ṁacc
are given in Table 1. Ṁout/Ṁacc is derived for each lobe of the
ESO-H↵ 574 and Par-Lup 3-4 outflows by dividing by the av-
erage value of Ṁacc. For the ESO-H↵ 574 blue outflow, the
average Ṁout of A1, A and B is used. From Table 1 it can
be seen that in the case of ESO-H↵ 574 the total (two-sided)
Ṁout/Ṁacc is higher than the maximum predicated by current
models. However, errors are large for this source and may bring
back the ratio within the limits. Furthermore as mentioned in

Sect. 4.5 it is likely that the e↵ects of the edge-on disk of
ESO-H↵ 574 are still not full understood. Thanks to our revised
analysis, the total (two-sided) Ṁout/Ṁacc in Par-Lup 3-4 is now
well within the limit of magneto-centrifugal jet launching mod-
els. The di↵erence in the estimate of this ratio, as compared to
results reported in Bacciotti et al. (2011) is mainly due to the re-
duction of the value of Ṁout (by one order of magnitude), when
it is calculated with the correct formula for the population of the
atomic levels at the diagnosed physical conditions, rather than
with the approximate formula using the critical density at an as-
sumed temperature of 8000 K. This result has important con-
sequences for studies aimed at constraining this ratio in the sub-
stellar mass regimes. This is discussed further in Sect. 5.1 below.

4.7. Other jet emission lines

The spectrum of the ESO-H↵ 574 jet contains a number of
lines which have not been investigated as jet tracers as often as
some of the traditional and well-studied jet tracers, such as the
[NII]�6583 or [SII]�6731 lines for example. These lines warrant
extra discussion.
HeI 1.083 µm: the He I 1.083 µm line traces high excitation re-
gions (excitation energy of He I at 1.083 µm is 20 eV) and tem-
peratures in excess of " 15 000 K. This line has been well studied
in TTSs and has been found to have contributions from both the
accretion onto the star (Fischer et al. 2008) and inner disk winds
(Edwards et al. 2006). Confirmation that He I 1.083 µm emission
traces disk winds came from the study of the line profiles i.e.
the detection of PC profiles and from spectro-astrometric stud-
ies. For example Azevedo et al. (2007) use spectro-astrometry
to detect an extended disk wind in the jet-less CTTS TW Hya.
Observations of the He I 1.083 µm line in jets have been inves-
tigated far less frequently. Takami et al. (2002) present PV dia-
grams of the He I 1.083 µm emission in the DG Tau jet. They ar-
gue that shock heating must be the dominant heating mechanism
in the jet in order to explain the presence of such a highly excited
line. Ellerbroek et al. (2012) also detect He I 1.083 µm emission
in the HH 1042 and HH 1043 jets. Thus ESO-H↵ 574 is only one
of a few jets where He I 1.083 µm has been identified to date. We
would expect that future X-Shooter observations of jets would
increase the number of jets for which this line is observed. The
PV diagram of the ESO-H↵ 574 He I 1.083 µm emission line
region is presented in Fig. 1. Both knots A1 and A are detected
while B and E are not seen (see discussion above). In Fig. 5 we
show the He I 1.083 µm emission line profile and the emission
region extracted from the 2D X-Shooter spectrum. The part of
the line tracing the jet is narrow and has a velocity of " 0 km s! 1

(as seen for the other jet lines). An IPC profile which can re-
veal important information about the accretion is also detected.
For example, Fischer et al. (2008) discuss how red-shifted ab-
sorption features in the He I 1.083 µm line can reveal infor-
mation about the accretion geometry of YSOs. Specifically they
probed the geometry of magnetospheric accretion in CTTSs by
modelling the red-shifted absorption at the He I 1.083 µm line
via scattering of the stellar and veiling continua and found that
the red-shifted absorption feature is sensitive to both the size
of the magnetosphere of the star and the filling factor of the
accretion shock. Finally some blue-shifted emission extending
to " 200 km s! 1 is also observed. See Sect. 4.2.2 for a discussion
of the origin of this emission.
[NeIII]�3869: the [NeIII]�3869 line is observed in the spectrum
of ESO-H↵ 574 in the region of knot A1 (see Fig. 2). As the ioni-
sation potential of Ne is high, high gas excitation is required. For
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of the [NI] and [NII] lines. The di↵erence in thexe andTe val-
ues between ESO-H! 574 and Par-Lup 3-4 can be explained in
the context of a shock framework, as described for example in
Hartigan et al.(1994). With reference to their Fig. 1, higher ve-
locity shocks result in highxe and highTe at the shock front,
but also a strong compression of the gas. As a result of the high
density the gas cools quickly and the temperature of the post-
shock region at the angular resolution of our observations is
not very high. Alternatively, in low velocity shocks, where the
gas has a lowxe, the compression is lower and the cooling is
slower, thus the average temperature in the observed region has
a higher valuer. Following this logic would mean that B and E
in ESO-H! 574 are higher velocity shocks than A1, A and the
Par-Lup 3-4 jets. This explains why ESO-H! 574 has a spectrum
much richer in lines from high ionised species, such as [OIII] and
[SIII], not detected in the Par-Lup 3-4 outßow.Hartigan et al.
(1994) also plot the various line ratios as a function of shock
velocity (see their Figs. 10 to 14). We used these models to es-
timate the shock velocities and found that for the Par-Lup 3-4
jets and ESO-H! 574 inner knots, shock speeds of 30 km s! 1

to 60 km s! 1 are indicated, while speeds reach" 90 km s! 1 in B
and E of ESO-H! 574.

4.6.3. Estimates of úMout / úMacc

The values ofne andTe given in Table 1 are now used to esti-
mate úMout. This is done through a comparison of the observed
and theoretical line luminosity produced in a given forbidden
line. To this aim the luminosityLSII of the [SII]" 6731 line was
considered in the separate knots making up the ESO-H! 574 out-
ßow and in the Par-Lup 3-4 blue and red jets. FollowingNisini
et al.(2005); Podio et al.(2006) we use the relationship

úMout = µ mH (nH V) vt/ lt (3)

with nH V = LSII

!
h#Ai fi Xi

X
X
H

"! 1
. Hereµ = 1.24 is the mean

atomic weight,mH the proton mass,V the volume e↵ectively
Þlled by the emitting gas,vt and lt the tangential velocity and
length of the knot,Ai and fi the radiative rate and upper level
population relative to the considered transition and ÞnallyXi

X
and X

H are the ionisation fraction and the relative abundance of
the considered species. The tangential velocities of the knots as
estimated inBacciotti et al.(2011) are used here and the knot
lengths are given in Sect. 4.1. These values are also given in
Table 1. The S= S+, elemental abundance is taken fromAsplund
et al.(2005), and the level population is calculated numerically
as described inPodio et al.(2006). Note that the new estimate
is more accurate than inBacciotti et al.(2011), Þrstly due to the
new values of the observed ßuxes, that originate from an im-
proved treatment of the ßux calibration and the new extinction
estimates. Secondly, and most importantlyúMout is now calcu-
lated using the jet parameters derived directly from the spectra,
rather than from an approximate formula based on the value of
the critical density at an assumed unknown temperature, as was
done previously for outßows from stars of very low mass.

These updated measurements ofúMout and thus úMout/ úMacc
are given in Table 1.úMout/ úMacc is derived for each lobe of the
ESO-H! 574 and Par-Lup 3-4 outßows by dividing by the av-
erage value of úMacc. For the ESO-H! 574 blue outßow, the
average úMout of A1, A and B is used. From Table 1 it can
be seen that in the case of ESO-H! 574 the total (two-sided)
úMout/ úMacc is higher than the maximum predicated by current

models. However, errors are large for this source and may bring
back the ratio within the limits. Furthermore as mentioned in

Sect. 4.5 it is likely that the e↵ects of the edge-on disk of
ESO-H! 574 are still not full understood. Thanks to our revised
analysis, the total (two-sided)úMout/ úMacc in Par-Lup 3-4 is now
well within the limit of magneto-centrifugal jet launching mod-
els. The di↵erence in the estimate of this ratio, as compared to
results reported inBacciotti et al.(2011) is mainly due to the re-
duction of the value ofúMout (by one order of magnitude), when
it is calculated with the correct formula for the population of the
atomic levels at the diagnosed physical conditions, rather than
with the approximate formula using the critical density at an as-
sumed temperature of 8000 K. This result has important con-
sequences for studies aimed at constraining this ratio in the sub-
stellar mass regimes. This is discussed further in Sect. 5.1 below.

4.7. Other jet emission lines

The spectrum of the ESO-H! 574 jet contains a number of
lines which have not been investigated as jet tracers as often as
some of the traditional and well-studied jet tracers, such as the
[NII] " 6583 or [SII]" 6731 lines for example. These lines warrant
extra discussion.

HeI 1.083µm: the He I 1.083µm line traces high excitation re-
gions (excitation energy of He I at 1.083µm is 20 eV) and tem-
peratures in excess of" 15 000 K. This line has been well studied
in TTSs and has been found to have contributions from both the
accretion onto the star (Fischer et al.2008) and inner disk winds
(Edwards et al.2006). ConÞrmation that He I 1.083µm emission
traces disk winds came from the study of the line proÞles i.e.
the detection of PC proÞles and from spectro-astrometric stud-
ies. For exampleAzevedo et al.(2007) use spectro-astrometry
to detect an extended disk wind in the jet-less CTTS TW Hya.
Observations of the He I 1.083µm line in jets have been inves-
tigated far less frequently.Takami et al.(2002) present PV dia-
grams of the He I 1.083µm emission in the DG Tau jet. They ar-
gue that shock heating must be the dominant heating mechanism
in the jet in order to explain the presence of such a highly excited
line. Ellerbroek et al.(2012) also detect He I 1.083µm emission
in the HH 1042 and HH 1043 jets. Thus ESO-H! 574 is only one
of a few jets where He I 1.083µm has been identiÞed to date. We
would expect that future X-Shooter observations of jets would
increase the number of jets for which this line is observed. The
PV diagram of the ESO-H! 574 He I 1.083µm emission line
region is presented in Fig. 1. Both knots A1 and A are detected
while B and E are not seen (see discussion above). In Fig. 5 we
show the He I 1.083µm emission line proÞle and the emission
region extracted from the 2D X-Shooter spectrum. The part of
the line tracing the jet is narrow and has a velocity of" 0 km s! 1

(as seen for the other jet lines). An IPC proÞle which can re-
veal important information about the accretion is also detected.
For example,Fischer et al.(2008) discuss how red-shifted ab-
sorption features in the He I 1.083µm line can reveal infor-
mation about the accretion geometry of YSOs. SpeciÞcally they
probed the geometry of magnetospheric accretion in CTTSs by
modelling the red-shifted absorption at the He I 1.083µm line
via scattering of the stellar and veiling continua and found that
the red-shifted absorption feature is sensitive to both the size
of the magnetosphere of the star and the Þlling factor of the
accretion shock. Finally some blue-shifted emission extending
to " 200 km s! 1 is also observed. See Sect. 4.2.2 for a discussion
of the origin of this emission.

[NeIII] " 3869: the [NeIII]" 3869 line is observed in the spectrum
of ESO-H! 574 in the region of knot A1 (see Fig. 2). As the ioni-
sation potential of Ne is high, high gas excitation is required. For
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of the [NI] and [NII] lines. The di↵erence in the xe and Te val-
ues between ESO-H↵ 574 and Par-Lup 3-4 can be explained in
the context of a shock framework, as described for example in
Hartigan et al. (1994). With reference to their Fig. 1, higher ve-
locity shocks result in high xe and high Te at the shock front,
but also a strong compression of the gas. As a result of the high
density the gas cools quickly and the temperature of the post-
shock region at the angular resolution of our observations is
not very high. Alternatively, in low velocity shocks, where the
gas has a low xe, the compression is lower and the cooling is
slower, thus the average temperature in the observed region has
a higher valuer. Following this logic would mean that B and E
in ESO-H↵ 574 are higher velocity shocks than A1, A and the
Par-Lup 3-4 jets. This explains why ESO-H↵ 574 has a spectrum
much richer in lines from high ionised species, such as [OIII] and
[SIII], not detected in the Par-Lup 3-4 outflow. Hartigan et al.
(1994) also plot the various line ratios as a function of shock
velocity (see their Figs. 10 to 14). We used these models to es-
timate the shock velocities and found that for the Par-Lup 3-4
jets and ESO-H↵ 574 inner knots, shock speeds of 30 km s�1

to 60 km s�1 are indicated, while speeds reach ⇠90 km s�1 in B
and E of ESO-H↵ 574.

4.6.3. Estimates of Ṁ
out

/Ṁ
acc

The values of ne and Te given in Table 1 are now used to esti-
mate Ṁout. This is done through a comparison of the observed
and theoretical line luminosity produced in a given forbidden
line. To this aim the luminosity LSII of the [SII]�6731 line was
considered in the separate knots making up the ESO-H↵ 574 out-
flow and in the Par-Lup 3-4 blue and red jets. Following Nisini
et al. (2005); Podio et al. (2006) we use the relationship

Ṁout = µ mH (nH V) vt/ lt (3)

with nH V = LSII
!
h ⌫ Ai fi Xi

X
X
H

"�1
. Here µ = 1.24 is the mean

atomic weight, mH the proton mass, V the volume e↵ectively
filled by the emitting gas, vt and lt the tangential velocity and
length of the knot, Ai and fi the radiative rate and upper level
population relative to the considered transition and finally Xi

X
and X

H are the ionisation fraction and the relative abundance of
the considered species. The tangential velocities of the knots as
estimated in Bacciotti et al. (2011) are used here and the knot
lengths are given in Sect. 4.1. These values are also given in
Table 1. The S = S+, elemental abundance is taken from Asplund
et al. (2005), and the level population is calculated numerically
as described in Podio et al. (2006). Note that the new estimate
is more accurate than in Bacciotti et al. (2011), firstly due to the
new values of the observed fluxes, that originate from an im-
proved treatment of the flux calibration and the new extinction
estimates. Secondly, and most importantly Ṁout is now calcu-
lated using the jet parameters derived directly from the spectra,
rather than from an approximate formula based on the value of
the critical density at an assumed unknown temperature, as was
done previously for outflows from stars of very low mass.

These updated measurements of Ṁout and thus Ṁout/Ṁacc
are given in Table 1. Ṁout/Ṁacc is derived for each lobe of the
ESO-H↵ 574 and Par-Lup 3-4 outflows by dividing by the av-
erage value of Ṁacc. For the ESO-H↵ 574 blue outflow, the
average Ṁout of A1, A and B is used. From Table 1 it can
be seen that in the case of ESO-H↵ 574 the total (two-sided)
Ṁout/Ṁacc is higher than the maximum predicated by current
models. However, errors are large for this source and may bring
back the ratio within the limits. Furthermore as mentioned in

Sect. 4.5 it is likely that the e↵ects of the edge-on disk of
ESO-H↵ 574 are still not full understood. Thanks to our revised
analysis, the total (two-sided) Ṁout/Ṁacc in Par-Lup 3-4 is now
well within the limit of magneto-centrifugal jet launching mod-
els. The di↵erence in the estimate of this ratio, as compared to
results reported in Bacciotti et al. (2011) is mainly due to the re-
duction of the value of Ṁout (by one order of magnitude), when
it is calculated with the correct formula for the population of the
atomic levels at the diagnosed physical conditions, rather than
with the approximate formula using the critical density at an as-
sumed temperature of 8000 K. This result has important con-
sequences for studies aimed at constraining this ratio in the sub-
stellar mass regimes. This is discussed further in Sect. 5.1 below.

4.7. Other jet emission lines

The spectrum of the ESO-H↵ 574 jet contains a number of
lines which have not been investigated as jet tracers as often as
some of the traditional and well-studied jet tracers, such as the
[NII]�6583 or [SII]�6731 lines for example. These lines warrant
extra discussion.
HeI 1.083 µm: the He I 1.083 µm line traces high excitation re-
gions (excitation energy of He I at 1.083 µm is 20 eV) and tem-
peratures in excess of ⇠15 000 K. This line has been well studied
in TTSs and has been found to have contributions from both the
accretion onto the star (Fischer et al. 2008) and inner disk winds
(Edwards et al. 2006). Confirmation that He I 1.083 µm emission
traces disk winds came from the study of the line profiles i.e.
the detection of PC profiles and from spectro-astrometric stud-
ies. For example Azevedo et al. (2007) use spectro-astrometry
to detect an extended disk wind in the jet-less CTTS TW Hya.
Observations of the He I 1.083 µm line in jets have been inves-
tigated far less frequently. Takami et al. (2002) present PV dia-
grams of the He I 1.083 µm emission in the DG Tau jet. They ar-
gue that shock heating must be the dominant heating mechanism
in the jet in order to explain the presence of such a highly excited
line. Ellerbroek et al. (2012) also detect He I 1.083 µm emission
in the HH 1042 and HH 1043 jets. Thus ESO-H↵ 574 is only one
of a few jets where He I 1.083 µm has been identified to date. We
would expect that future X-Shooter observations of jets would
increase the number of jets for which this line is observed. The
PV diagram of the ESO-H↵ 574 He I 1.083 µm emission line
region is presented in Fig. 1. Both knots A1 and A are detected
while B and E are not seen (see discussion above). In Fig. 5 we
show the He I 1.083 µm emission line profile and the emission
region extracted from the 2D X-Shooter spectrum. The part of
the line tracing the jet is narrow and has a velocity of ⇠0 km s�1

(as seen for the other jet lines). An IPC profile which can re-
veal important information about the accretion is also detected.
For example, Fischer et al. (2008) discuss how red-shifted ab-
sorption features in the He I 1.083 µm line can reveal infor-
mation about the accretion geometry of YSOs. Specifically they
probed the geometry of magnetospheric accretion in CTTSs by
modelling the red-shifted absorption at the He I 1.083 µm line
via scattering of the stellar and veiling continua and found that
the red-shifted absorption feature is sensitive to both the size
of the magnetosphere of the star and the filling factor of the
accretion shock. Finally some blue-shifted emission extending
to ⇠200 km s�1 is also observed. See Sect. 4.2.2 for a discussion
of the origin of this emission.
[NeIII]�3869: the [NeIII]�3869 line is observed in the spectrum
of ESO-H↵ 574 in the region of knot A1 (see Fig. 2). As the ioni-
sation potential of Ne is high, high gas excitation is required. For
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of the [NI] and [NII] lines. The di↵erence in the xe and Te val-
ues between ESO-H↵ 574 and Par-Lup 3-4 can be explained in
the context of a shock framework, as described for example in
Hartigan et al. (1994). With reference to their Fig. 1, higher ve-
locity shocks result in high xe and high Te at the shock front,
but also a strong compression of the gas. As a result of the high
density the gas cools quickly and the temperature of the post-
shock region at the angular resolution of our observations is
not very high. Alternatively, in low velocity shocks, where the
gas has a low xe, the compression is lower and the cooling is
slower, thus the average temperature in the observed region has
a higher valuer. Following this logic would mean that B and E
in ESO-H↵ 574 are higher velocity shocks than A1, A and the
Par-Lup 3-4 jets. This explains why ESO-H↵ 574 has a spectrum
much richer in lines from high ionised species, such as [OIII] and
[SIII], not detected in the Par-Lup 3-4 outflow. Hartigan et al.
(1994) also plot the various line ratios as a function of shock
velocity (see their Figs. 10 to 14). We used these models to es-
timate the shock velocities and found that for the Par-Lup 3-4
jets and ESO-H↵ 574 inner knots, shock speeds of 30 km s�1

to 60 km s�1 are indicated, while speeds reach ⇠90 km s�1 in B
and E of ESO-H↵ 574.

4.6.3. Estimates of Ṁ
out

/Ṁ
acc

The values of ne and Te given in Table 1 are now used to esti-
mate Ṁout. This is done through a comparison of the observed
and theoretical line luminosity produced in a given forbidden
line. To this aim the luminosity LSII of the [SII]�6731 line was
considered in the separate knots making up the ESO-H↵ 574 out-
flow and in the Par-Lup 3-4 blue and red jets. Following Nisini
et al. (2005); Podio et al. (2006) we use the relationship

Ṁout = µ mH (nH V) vt/ lt (3)

with nH V = LSII
!
h ⌫ Ai fi Xi

X
X
H

"�1
. Here µ = 1.24 is the mean

atomic weight, mH the proton mass, V the volume e↵ectively
filled by the emitting gas, vt and lt the tangential velocity and
length of the knot, Ai and fi the radiative rate and upper level
population relative to the considered transition and finally Xi

X
and X

H are the ionisation fraction and the relative abundance of
the considered species. The tangential velocities of the knots as
estimated in Bacciotti et al. (2011) are used here and the knot
lengths are given in Sect. 4.1. These values are also given in
Table 1. The S = S+ , elemental abundance is taken from Asplund
et al. (2005), and the level population is calculated numerically
as described in Podio et al. (2006). Note that the new estimate
is more accurate than in Bacciotti et al. (2011), firstly due to the
new values of the observed fluxes, that originate from an im-
proved treatment of the flux calibration and the new extinction
estimates. Secondly, and most importantly Ṁout is now calcu-
lated using the jet parameters derived directly from the spectra,
rather than from an approximate formula based on the value of
the critical density at an assumed unknown temperature, as was
done previously for outflows from stars of very low mass.

These updated measurements of Ṁout and thus Ṁout/Ṁacc
are given in Table 1. Ṁout/Ṁacc is derived for each lobe of the
ESO-H↵ 574 and Par-Lup 3-4 outflows by dividing by the av-
erage value of Ṁacc. For the ESO-H↵ 574 blue outflow, the
average Ṁout of A1, A and B is used. From Table 1 it can
be seen that in the case of ESO-H↵ 574 the total (two-sided)
Ṁout/Ṁacc is higher than the maximum predicated by current
models. However, errors are large for this source and may bring
back the ratio within the limits. Furthermore as mentioned in

Sect. 4.5 it is likely that the e↵ects of the edge-on disk of
ESO-H↵ 574 are still not full understood. Thanks to our revised
analysis, the total (two-sided) Ṁout/Ṁacc in Par-Lup 3-4 is now
well within the limit of magneto-centrifugal jet launching mod-
els. The di↵erence in the estimate of this ratio, as compared to
results reported in Bacciotti et al. (2011) is mainly due to the re-
duction of the value of Ṁout (by one order of magnitude), when
it is calculated with the correct formula for the population of the
atomic levels at the diagnosed physical conditions, rather than
with the approximate formula using the critical density at an as-
sumed temperature of 8000 K. This result has important con-
sequences for studies aimed at constraining this ratio in the sub-
stellar mass regimes. This is discussed further in Sect. 5.1 below.

4.7. Other jet emission lines

The spectrum of the ESO-H↵ 574 jet contains a number of
lines which have not been investigated as jet tracers as often as
some of the traditional and well-studied jet tracers, such as the
[NII]�6583 or [SII]�6731 lines for example. These lines warrant
extra discussion.
HeI 1.083 µm: the He I 1.083 µm line traces high excitation re-
gions (excitation energy of He I at 1.083 µm is 20 eV) and tem-
peratures in excess of ⇠15 000 K. This line has been well studied
in TTSs and has been found to have contributions from both the
accretion onto the star (Fischer et al. 2008) and inner disk winds
(Edwards et al. 2006). Confirmation that He I 1.083 µm emission
traces disk winds came from the study of the line profiles i.e.
the detection of PC profiles and from spectro-astrometric stud-
ies. For example Azevedo et al. (2007) use spectro-astrometry
to detect an extended disk wind in the jet-less CTTS TW Hya.
Observations of the He I 1.083 µm line in jets have been inves-
tigated far less frequently. Takami et al. (2002) present PV dia-
grams of the He I 1.083 µm emission in the DG Tau jet. They ar-
gue that shock heating must be the dominant heating mechanism
in the jet in order to explain the presence of such a highly excited
line. Ellerbroek et al. (2012) also detect He I 1.083 µm emission
in the HH 1042 and HH 1043 jets. Thus ESO-H↵ 574 is only one
of a few jets where He I 1.083 µm has been identified to date. We
would expect that future X-Shooter observations of jets would
increase the number of jets for which this line is observed. The
PV diagram of the ESO-H↵ 574 He I 1.083 µm emission line
region is presented in Fig. 1. Both knots A1 and A are detected
while B and E are not seen (see discussion above). In Fig. 5 we
show the He I 1.083 µm emission line profile and the emission
region extracted from the 2D X-Shooter spectrum. The part of
the line tracing the jet is narrow and has a velocity of ⇠0 km s�1

(as seen for the other jet lines). An IPC profile which can re-
veal important information about the accretion is also detected.
For example, Fischer et al. (2008) discuss how red-shifted ab-
sorption features in the He I 1.083 µm line can reveal infor-
mation about the accretion geometry of YSOs. Specifically they
probed the geometry of magnetospheric accretion in CTTSs by
modelling the red-shifted absorption at the He I 1.083 µm line
via scattering of the stellar and veiling continua and found that
the red-shifted absorption feature is sensitive to both the size
of the magnetosphere of the star and the filling factor of the
accretion shock. Finally some blue-shifted emission extending
to ⇠200 km s�1 is also observed. See Sect. 4.2.2 for a discussion
of the origin of this emission.
[NeIII]�3869: the [NeIII]�3869 line is observed in the spectrum
of ESO-H↵ 574 in the region of knot A1 (see Fig. 2). As the ioni-
sation potential of Ne is high, high gas excitation is required. For
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ESO-H!  574 Par-Lup 3-4
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Fig. 11. Various line ratios tracing the excitation,ne, Te andxe of the gas in ESO-H! 574 A1, A, B and E and the Par-Lup 3-4 blue and red jets are
plotted. As some lines were not detected in B and E and in the Par-Lup 3-4 jets upper limits of 3" were assumed.

Table 1. Values of the di! erent variables used in Eq. (3).

Object vt (km s! 1) lt ("") ne (cm! 3) Te (104 K) xe úMout (10! 10 M# yr! 1) úMout/ úMacc

ESO HA 574
Knot A1 130± 30 2.8 4500± 225 1.4± 0.2 >0.65 5.0± 1.5
Knot A 130± 30 2.4 2100± 105 "" "" 3.7± 1.1 0.5 (+1.0)(! 0.2)
Knot B 220± 50 2.2 230± 11.5 "" "" 8.2± 2.5
Knot E 325± 50 2.3 160± 8.0 "" "" 3.5± 1.1 0.3 (+0.6)(! 0.1)
Par-Lup 3-4
Blue 170± 30 1.9 4300± 200 3.1± 0.5 (2.0± 0.2)$ 10! 3 0.3± 0.1 0.05 (+0.10)(! 0.02)
Red 170± 30 1.8 4600± 300 2.4± 0.6 (6.3± 0.2)$ 10! 3 0.29± 0.09 0.05 (+0.10)(! 0.02)

Par-Lup 3-4 has a lower value ofúMacc, which suggests higher
temperatures than for the sources in the study ofBary et al.
(2008).

4.6.2. Diagnostics from ionic lines

In Giannini et al. (2013) the numerous [Fe II] and [Fe III] lines
detected in our objects were used to derive the physical pa-
rameters (ne, xe and Te) at the base of the ESO-H! 574 and
Par-Lup 3-4 jets. This paper pointed out the large gradients of
physical conditions present in the post-shocked gas and that dif-
ferent lines/species probe di! erent gas layers. Here, to further
probe the gas in the two jets we employ the other line ratios sen-
sitive to the gas physical conditions. The gas physical conditions
are determined through a comparison of the observed values of
the line ratios with values predicted theoretically using a numer-
ical code that calculates the level population in a 5-level model
atom (Bacciotti & Eislš! el 1999; Podio et al.2006). Not all the
lines, however, are present in a given knot, thus di! erent combi-
nations are used in the various positions. The values of the con-
sidered ratios or their upper/lower limits are plotted in Fig.11
for knots A1, A, B and E of ESO-H! 574 and for the jets in
Par-Lup 3-4, and the results are given in Table 1.

For the ESO-H! 574 outßow a combination of [SII] lines
were used to estimatene andTe independently from the abun-
dance and ionisation of S. In particular for A1 and A the
[SII]#6716/[SII]# 6731 ratio, dependent strongly onne, and the
([SII]#4068+[SII]#4076)/([SII]#6716+ [SII]#6731) ratio, de-
pendent strongly onTe, were used. Values ofTe around 1.4 $
104 K, andne %4500, 2100 cm! 3 were measured in A1 and A,
respectively (see Table 1). Assuming the same temperature in
the outermost knots we obtainne %230 cm! 3 in B and 160 cm! 3

in E. Errors are 15% on the temperature and 5% on the electron

density. The ratio [NII]#6583/[OI]#6300, proportional to hydro-
gen ionisation fractionxe, indicatesxe > 0.65 in the ßow, and in-
creases moving away from the source. This is in agreement with
the value found on-source by Giannini et al. (2013). The high ex-
citation of B and E would seem to contradict the non-detection
of lines from higher ionisation lines such as [SIII] [OIII] in these
knots (see Fig. 2), however we argue that this is due to the low
electron density, not high enough to collisionally excite these
lines. Note that the values retrieved on knot A1 are consistent
with the estimates given inGiannini et al.(2013) for the analysis
of the [SII] lines. At variance, iron lines, probing gas at di! er-
ent excitation in the post-shocked gas, provide a range of val-
ues for these parameters. Temperature (density) values from the
[SII] lines are at the upper (lower) end of values derived from
the iron lines.

For the Par-Lup 3-4 case the ratio [OI]#6300/[SII]#6731
was used in conjunction with [SII]#6716/[SII]#6731 and
[NII] #6583/[OI]#6300, to Þndne, Te, xe within the framework
of the so-called BE technique (Bacciotti & Eislš! el 1999;
Podio et al. 2006). Here an improved BE procedure was
used which considers the variation ofTe with the [SII]#6716/
[SII]#6731ratio. Note that the BE technique is not applicable
to the ESO-H! 574 outßow because of the presence of higher
ionisation states of O and S close to the source, and absence of
[OI]#6300 in knots B and E. The results for the Par-Lup 3-4 jet
at the source position and in the blue and red lobes are given in
Table 1. Again the results are in agreement with the estimates of
Giannini et al.(2013) deduced from [SII] lines.

For both sources theTe sensitive ratio [SII] 1.03/
([SII]#6716+ [SII]#6731) was also investigated. While only up-
per limits are detected for Par-Lup 3-4, overall results are con-
sistent with the temperature being higher for Par-Lup 3-4 than
for the ESO-H! 574 outßow. On the other hand, the low level
of hydrogen ionisation for Par-Lup 3-4 is conÞrmed by the ratio

A80, page 11 of22



Multi-epoch Sub-arcsecond [Fe II] Spectroimaging of the 
DG Tau Outflows with NIFS. I. First data epoch 

DG Tauの分子流のGemini/NIFSによる面分光観測 
 
【背景】 
YSOにより駆動される分子流は原始星近傍で起きる降着・放出過程の重要な手がかり 
 
 
 

M. C. White, P. J. McGregor, G. V. Bicknell, R. Salmeron and T. L. Beck  



1684 M. C. White et al.

Figure 1. The stellar spectrum of DG Tau. The spectrum is extracted from a 0.8 arcsec diameter circular aperture centred on the star. Panel (a) shows the
H-band (1.49Ð1.80µm) spectrum, and panel (b) shows theK-band (1.99Ð2.40µm) spectrum. The ßux density has been normalized to unity at 1.60µm in
theH band and 2.2µm in theK band. Prominent emission features are labelled, as are absorption features, which are used to determine the accuracy of the
wavelength calibration (Section 3.4). The CO bandheads visible in theK-band spectrum are also marked. TheK-band data have been presented previously by
Beck et al. (2008).

The K-band spectrum shows stellar absorption lines of NaI and
CaI (Fig. 1b). Previous NIR observations of DG Tau on 1994
Dec 14 showed signiÞcantly veiledH- and K-band spectra with
few discernible stellar absorption features (Greene & Lada1996).
A similarly veiled spectrum was also seen on 2001 Nov 06UT

(Doppmann et al.2005). Furthermore, previous optical observa-
tions of DG Tau, where the photospheric spectrum peaks, have
shown a highly veiled stellar spectrum, with very few discernible
absorption features (Hessman & Guenther1997). The source of this
veiling continuum is thought to be the accretion shocks occurring
close to the stellar surface (Gullbring et al.2000). Hence, the lack
of a veiling continuum indicates that DG Tau was in a phase of low
accretion activity during the period of our observations.

CO !v = 2 bandheads are visible in absorption in theK-band
spectrum (Fig.1b), and arise in the stellar photosphere. On the other
hand, these bandheads appear in emission in many actively accreting
YSOs (Carr1989, 1995). When this occurs, the bandheads typically
exhibit a double-peaked structure characteristic of emission from
a Keplerian disc, which indicates that the emission arises from the
inner radii of the circumstellar disc (Carr1995). The CO!v = 2
bandheads in the DG Tau spectrum have been observed to oscillate
between appearing in emission (Hamann, Simon & Ridgway1988;
Carr1989; Chandler et al.1993; Biscaya et al.1997) and absorption
or being absent (Greene & Lada1996; Doppmann et al.2005). They
also vary signiÞcantly in ßux, by up to 50 per cent, on time-scales of
days (Biscaya et al.1997). The presence of CO bandheads in emis-
sion is often associated with an increase in accretion activity, and
conversely, the absence, or presence in absorption, of the bandheads

is usually associated with a decrease in accretion activity, e.g., the
V1647 Orionis outburst of 2003 (Reipurth & Aspin2004; Aspin,
Beck & Reipurth2008; Aspin et al.2009). Our observation of the
DG Tau CO bandheads in absorption provides further evidence that
DG Tau was in a low accretion activity phase during the 2005 epoch.

The dominant emission line in theK-band spectrum is HI Br γ

2.166µm. The nature of this line in DG Tau was investigated by
Beck, Bary & McGregor (2010). They determined that the majority
of the Brγ emission emanates from accretion in the circumstellar
disc, but approximately 2 per cent of the emission is extended, and
coincident with the DG Tau microjet.

3.2 Stellar spectrum removal

It is necessary to subtract the stellar spectrum and associated spa-
tially unresolved line emission to adequately study the extended
emission-line structure of the DG Tau outßows. TheH-band stel-
lar spectrum shows signiÞcant structure in the region of the [FeII]
1.644µm emission line. This consists of a dominant unresolved
continuum component, as well as spatially unresolved HI Br 12
emission (Fig.1a). H-band stellar spectrum subtraction was per-
formed using a customPYTHON routine. Our procedure for sub-
tracting the stellar light takes advantage of the orientation of the
large-scale DG Tau outßows in the NIFS data cube, and the lack
of [FeII] line emission from the circumstellar disc. Two sample
spectra of scattered starlight were formed over a pair of 0.25 arcsec
diameter circular apertures, centred at opposing positions 0.5 arcsec
from the star perpendicular to the outßow direction, and then
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averaged. For each spaxel, this stellar spectrum was scaled to match
the ßux observed adjacent to the spectral region of interest for the
line being investigated. In the case of the [FeII] 1.644µm line, the re-
gion of interest covers a velocity range of! 380 to 340 km s! 1. This
scaled stellar spectrum was then subtracted from the spectrum of the
spaxel.

Accurate stellar spectrum subtraction is less important in theK
band, due to the less-structured nature of the stellar spectrum in the
vicinity of the H2 1Ð0 S(1) 2.1218µm line.K-band stellar spectrum
subtraction was performed by forming a pair of continuum images
adjacent to the spectral region of interest around the H2 1Ð0 S(1)
line, averaging them and subtracting this averaged continuum image
from each wavelength plane of the data cube.

3.3 Circumstellar environment

Fig. 2 shows channel maps of the circumstellar environment of DG
Tau, as seen in [FeII] 1.644µm line emission, with the stellar and
unresolved line emission components removed. The top-left and
bottom-right frames show the velocity ranges used for continuum
scaling. Here, and in all subsequent Þgures, the outßow axis is
labelled asx, and the axis across the outßow asy. The data have been

binned into 40 km s! 1-wide slices in order to discern sub-spectral-
resolution structure. There are three major outßow components:

(i) A well-collimated, high-velocity blueshifted jet, concentrated
in knots of emission. This blueshifted outßow is present in chan-
nel maps up to an absolute line-of-sight velocity of" 300 km s! 1,
with the highest velocity material appearing at the largest observed
distance from the central star. This jet has an observed width of
0.20! 0.25 arcsec" 28! 35 au (approximately the radius of the or-
bit of Neptune) at the distance of DG Tau.

(ii) An intermediate-velocity, less-collimated, edge-brightened,
ÔVÕ-shaped structure in the blueshifted outßow. Within approxi-
mately 1 arcsec of the central star, the outer edges of this struc-
ture are linear, and are aligned radially with respect to the central
star. The opening half-angle of this feature is 15# ± 1#. Agra-
Amboage et al. (2011) obtained an opening half-angle of 14# for
the same structure from SINFONI data of DG Tau obtained on 2005
Oct 15. This structure is ÔpinchedÕ" 1 arcsec from the star, and then
re-expands with increasing distance from DG Tau (Fig.2, panel
[! 180 : ! 140] km s! 1).

(iii) A redshifted outßow, which becomes visible approximately
0.7 arcsec from the central star. The inner region of this structure is

Figure 2. Channel maps of the DG Tau outßow. Panels show images of the extended [FeII] 1.644µm line emission around DG Tau, binned into 40 km s! 1-wide
slices. The velocity range of each slice is shown at the bottom of each slice. The velocity ranges used for continuum scaling are also included (top-left and
bottom-right panels). The intensity values quoted are the average intensity in each channel over the 40 km s! 1 velocity range. The black star corresponds to the
position of the central star, DG Tau and the yellow circle indicates the position and size of the 0.2 arcsec diameter occulting disc.
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[Fe II] 1.644 µmのチャネルマップ 
3つの成分 
(i) よくコリメートした高速度Blueshiftジェット 
(ii) Blueshiftした中速度のあまりコリメートしていない縁の明るいV字構造 
(iii) Redshiftした分子流 
 
 
 
 



近づく(Blueshift)成分 (下図右) 
・高速ジェットは歪んだ軌道 
・3つのノット(A, B, C) 
 
遠ざかる(Redshift)成分 (下図左) 
・Blueshift成分とちがって速い成分や尾根がない 
・泡状の構造 
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obscured by the circumstellar disc around DG Tau. We estimate the
radial extent of the obscuration, and hence of the DG Tau circum-
stellar disc, to be∼160 au, after correction for the inclination of the
jetÐdisc system to the line of sight (38◦; Eisl¬offel & Mundt 1998).
This is in agreement with the measurement by Agra-Amboage et al.
(2011), who used this obscuration to place limits on the disc models
of Isella, Carpenter & Sargent (2010). The redshifted outßow takes
the form of a bubble-like structure. The material with the greatest
receding line-of-sight velocity is concentrated on the outßow axis,
and at the apex of the bubble. The material along the edges of the
structure emits at progressively lower line-of-sight velocities with
decreasing distance from the central star.

3.3.1 Approaching jet trajectory

The high-velocity blueshifted jet does not travel a linear path, but
bends along its length (Fig.2, rightmost-top panel). We deÞne the
ridgeline of the jet as the location of the jet brightness centre at each
position along the outßow axis. Single-component Gaussian Þts
were performed across the jet, at every recorded position along the
outßow axis, on an image of integrated [FeII] 1.644µm emission-
line ßux formed over the velocity range−300 to−180 km s−1. This
velocity range was chosen so that the ridgeline was computed for
the highest-velocity gas, corresponding to the high-velocity jet (see
below, also, Pyo et al.2003b). The ridgeline computed from these
Þts is shown in Fig.3(b). The uncertainties in the lateral position of
the Þtted ridgeline are of the order of±0.01 arcsec.

The jet ridgeline was Þtted in spatial coordinates with a simple si-
nusoidal function in order to characterize the nature of the jet trajec-
tory. The amplitude of the Þtted sinusoid is 0.027± 0.001 arcsec≈
3.8 au, and the wavelength is 1.035± 0.006 arcsec. Deprojecting
this distance to account for the jet inclination to the line of sight
yields a physical wavelength of 235 au. If the sinusoidal jet tra-
jectory is due to jet precession, the amplitude corresponds to a
precession angle of∼4◦.

3.3.2 Approaching jet knots

Figs2 and3 show that the [FeII] 1.644µm line emission from the
blueshifted DG Tau jet is concentrated in a series of three emis-
sion knots. We label these features as knots A, B and C, in order
of increasing distance from the central star.1 Such emission knots
are a common feature of YSO outßows, and have previously been
observed in the blueshifted DG Tau outßow on large scales (sev-
eral arcseconds from the central star; Eisl¬offel & Mundt 1998),
as well as on the scale of the microjet (less than 2 arcsec from
the central star; Kepner et al.1993; Solf & B ¬ohm 1993; Lavalley
et al.1997; Bacciotti et al.2000; Dougados et al.2000; Lavalley-
Fouquet, Cabrit & Dougados2000; Takami et al.2002; Pyo et al.
2003a; Agra-Amboage et al.2011). With some exceptions (see be-
low, also, Lavalley-Fouquet et al.2000), these knots move along the
outßow channel at an approximately constant speed.

Accurate positions of knots A, B and C relative to the star were
determined in order to track their proper motions over time. Two-
dimensional spatial Gaussian Þts to each knot in integrated [FeII]
1.644µm emission-line ßux images were utilized to determine the
positions of the knot centroids. The velocity ranges used to form

1 We choose not to continue the nomenclature of Pyo et al. (2003b) and
Agra-Amboage et al. (2011) due to multiple plausible interpretations of the
knot ejection history of DG Tau Ð see Section 4.1.1.

Figure 3. The DG Tau approaching outßow. (a) Integrated [FeII] 1.644µm
line ßux of the approaching outßow from DG Tau. The line ßux is computed
over the velocity range−300 to 0 km s−1. Knots A, B and C are labelled.
(b) Contour plot of the same integrated [FeII] line ßux. Contours are la-
belled in units of 10−15 erg cm−2 s−1 arcsec−2. The unlabelled contour cor-
responds to 170× 10−15 erg cm−2 s−1 arcsec−2. Knots A, B and C are
labelled, and the knot centroid positions and associated uncertainties are
indicated. The jet ridgeline is shown as a dashed line. The position of the
central star and the position and size of the occulting disc used during the ob-
servations are shown in both panels by a yellow star and circle, respectively.

Table 2. Knot positions in the approaching DG Tau jet Ð 2005 epoch.

Knot Position along Position across Velocity range Centroid [FeII]
outßow axis outßow axis used for Þtting line velocity

(arcsec) (arcsec) ( km s−1) ( km s−1)

A 0.23±0.03 −0.03±0.01 −260 to−100 Ð
B 0.40±0.03 −0.03±0.02 −300 to−100 ∼180
C 1.24±0.02 −0.04±0.03 −300 to−180 ∼250

Quoted uncertainties to the knot positions are the quadrature sum of the
Þtting errors to the star and knot positions. The Þtting uncertainties for knot
A are visual estimates. Centroid line velocities are for the high-velocity
outßow component (Fig.6).

the images for each knot were determined by visual inspection of
Fig. 2. The results of this Þtting are presented in Table2 and shown
in Fig. 3. The characteristics of each knot are discussed below.

Knot A is situated 0.23± 0.03 arcsec along the outßow axis
from the central star. The NIFS data Nyquist sample the point
spread function (PSF) across the jet, but undersample the spatial
proÞle in the coarsely sampled spaxel direction along the outßow.
This makes Þtting knot A with a two-dimensional Gaussian proÞle
difÞcult. Visual inspection of these data indicate that the FWHM of
the knot is∼0.1 arcsec in both axes, making it signiÞcantly more
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DG Tau outflows – I. First epoch 1687

compact than knots B and C. The difficulty in accurately fitting
a Gaussian profile also results in a larger uncertainty in the knot
centroid position.

Similar knots at the location of knot A have been observed pre-
viously in [S II] 6716 Å/6731 Å (Solf & Böhm 1993), [O I] 6300
Å (Solf & Böhm 1993; Lavalley et al. 1997) and He I 10 830 Å
(Takami et al. 2002). Furthermore, Lavalley et al. (1997) report
that the emission feature they observe at ∼0.15 arcsec ≈ 34 au de-
projected distance from the central star2 exhibits very little proper
motion, suggesting that the knot represents a steady region in the
flow where emission is enhanced. A feature similar to knot A ap-
pears to be present in the data of Agra-Amboage et al. (2011, fig. 3
therein); however, those authors did not mention it. We interpret
knot A as a stationary shock in the jet, resulting from the recol-
limation of the flow. We expand further on this interpretation in
Section 4.1.2.

Knot B is well described by a Gaussian profile, which is extended
in the outflow direction with an axial ratio of ∼2.3. This knot
was most recently detected by Agra-Amboage et al. (2011), who
reported a position of 0.37 ± 0.03 arcsec along the outflow axis
from the central star on 2005 Oct 15. Our positions agree to 1! .
Knot C is significantly fainter than knots A and B, at ∼15 per cent
of their peak intensity (Figs 2 and 3). As with knot B, knot C is
elongated in the outflow direction, but with an axial ratio of ∼1.7.
This knot was also detected by Agra-Amboage et al. (2011), with a
reported position of 1.2 ± 0.05 arcsec along the outflow axis from
the central star on 2005 Oct 15. This agrees with our measurement
to 2! , although our fitted knot position is within their uncertainties.
We conduct an analysis of the recent knot ejection history of DG
Tau in Section 4.1.1.

3.3.3 Receding outflow morphology

The morphological appearance of the DG Tau redshifted outflow,
shown in Fig. 4, is different from that of the blueshifted outflow
(Fig. 3). First, there is no clearly discernible fast outflow, nor ridge-
line. Secondly, the emission from this outflow comes predomi-
nantly from a bubble-like structure (Figs 2 and 4). This structure
was observed by Agra-Amboage et al. (2011), and was interpreted
as being the redshifted equivalent of a faint ‘bubble’ they claimed
in the approaching outflow at similar distances from the central
star. We do not observe such a structure in the blueshifted outflow
(Section 3.4), and we will discuss and model the cause of this bipolar
outflow asymmetry in a forthcoming paper (White et al. 2014).

3.4 Fitted line components

Visual inspection of our spectra clearly indicates the presence of
at least two [Fe II] 1.644 µm line components at every spatial posi-
tion with significant signal-to-noise ratio. In many spatial locations,
these two components are significantly blended. A multicompo-
nent Gaussian fit was performed to separate these spectral compo-
nents. Both one- and two-component fits were made, and an F-test
(Appendix A) was utilized to determine the statistically appropri-
ate number of components to retain in the final fit (Westmoquette
et al. 2007). Strictly speaking, the use of a likelihood ratio test
such as the F-test in this situation is statistically incorrect (see Ap-
pendix A1; Protassov et al. 2002). However, given the absence of

2 Lavalley et al. (1997) report the knot position as 0.17 ± 0.05 arcsec from
the star in the raw image, and 0.13 arcsec after deconvolution.

Figure 4. DG Tau receding outflow. (a) Integrated [Fe II] 1.644 µm line flux
of the receding outflow from DG Tau. The line flux is computed over the
velocity range 0–300 km s−1. (b) Contour plot of the same integrated [Fe II]
line flux. Contours are labelled in units of 10−15 erg cm−2 s−1 arcsec−2. The
position of the central star and the position and size of the occulting disc
used during the observations are shown in both panels by a yellow star and
circle, respectively.

a statistically correct alternative that could be sensibly applied to
the number of spectra presented here, and the obvious presence of
two line components at most positions, we opt to continue with
this approach (e.g. Westmoquette et al. 2012, also see Appendix
A1). Spaxels were excluded from fitting if the signal-to-noise ratio
of the brightest spectral pixel in the vicinity of the emission line
was less than 10, or if the relative error on the fitted line amplitude
and/or width exceeded unity. Spaxels that could not be fitted with
two components were also excluded. Applying these criteria, it was
found that acceptable fits were produced over a region comparable
to the detected emission in Figs 2 and 4. Example spectra, and the
fits obtained to those spectra using the above procedure, are shown
in Fig. 5.

To determine line velocities relative to the systemic velocity, it
was necessary to determine the velocity of the central star in our
data. To accomplish this, Gaussian profiles were fitted to several
stellar absorption features in the H-band stellar spectrum (Fig. 1a).
The velocity correction obtained was then applied to all line
velocities.

The velocity resolution of our H-band data was measured to
be 55 km s−1, based on Gaussian line fits to observed sky lines.
The intrinsic line widths of each fitted profile were determined by
quadrature subtraction of this instrumental velocity resolution from
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静止ノットA 
X-ray, FUVの観測も考慮するとJet recollimation shockの特徴 
X-ray観測からpre-shock flowの速度は400Ð700 km/s 
MHD円盤風を仮定 
最も内側のJetの流線は中心星から半径0.01Ð0.15 AUの位置から出ている 
 
Post-recollimation-shock jetは215 km/s以下まで減速されて[Fe II]のHVCとして観測 
Jetは速度と直径を変化させながらまっすぐでない軌道 
回転しているかはわからない(←強いrecollimation shockを通過したときの効果) 
 
2つのジェットノットB, C 
ノット放出の間隔は周期的でない 
ジェットの速度は215 km/sから315 km/sへと増加 
速度の変化が動くノットの形成要因かもしれない 
 

DG Tau outflows – I. First epoch 1691

Figure 9. Electron density measurements of the DG Tau approaching jet.
Black circles show the electron density derived in this work for the DG Tau
jet from the [Fe II] 1.533 µm/1.644 µm line ratio at each position along
the outflow axis, averaged over all spaxels within ±0.5 arcsec of that axis
in the cross-outflow direction. All determinations of electron density from
the literature are made using the optical line ratio technique developed
by Bacciotti & Eislöffel (1999), except for those by Agra-Amboage et al.
(2011), which use the [Fe II] line ratio technique. Where provided, electron
densities are quoted for high-velocity (HV), intermediate/medium-velocity
(IV/MV) and intermediate-velocity (LV) components. Uncertainties are as
quoted in the relevant reference, except for where they have been estimated
from 2D maps of electron density (Bacciotti et al. 2000; Coffey, Bacciotti
& Podio 2008).

4.1.1 Knots

Three knots were observed in the DG Tau microjet (Section 3.3.2).
Our unique multi-epoch data allow us to track the position of these
knots over time, without the need to link disparate observations to
form a knot evolution. The position of the knots as a function of
time is given in Table 3, and shown in Fig. 10. The most remarkable

Figure 10. Progression of knots in the approaching DG Tau outflow, 2005–
2009. Shown is a contour plot of [Fe II] 1.644 µm line emission from
the approaching DG Tau outflow at 2005.87, 2006.98 and 2009.88. Im-
ages are formed by integrating over the velocity range ! 380 to 0 km s! 1.
Contours have levels of [25, 30, 50, 70, 100, 120, 170] " 10! 15 erg cm! 2

s! 1 arcsec! 2. Short dotted lines represent the observation date of each epoch.

finding is that knot A remains stationary over a period of # 4 years.
We discuss the nature of this stationary feature in Section 4.1.2.

We were able to track the progression of knot B over this interval.
The knot moves at a constant speed of 0.17 ± 0.01 arcsec yr! 1 along
the jet channel, which implies a knot launch date of 2003.5 ± 0.2

Table 3. Knot positions in the approaching DG Tau jet, 2005–2009.

Knot Positions Average Centroid Deprojected Alternate
2005.87 2006.98 2009.88 proper motiona line velocityb velocties designations

Proper Radial
(arcsec) (arcsec) (arcsec) (arcsec yr! 1) (km s! 1) (2005.87, km s! 1) (km s! 1)

A 0.23±0.03 0.20±0.04 0.23±0.02 0 0 – 0 – –
B 0.40±0.03 0.60±0.02 1.07±0.02 0.17±0.01 113±7 # 180 183 ± 11 # 230 A5c

C 1.24±0.01 – – – – # 250 – # 320 A3c (?), A4c (?)

Notes. Quoted uncertainties to the knot positions are the quadrature sum of the fitting errors to the star and knot positions. The fitting uncertainties
for knot A are visual estimates.
Velocities are deprojected assuming an inclination of the jet axis to the line of sight of 38$ (Eislöffel & Mundt 1998).
aFig. 10. bFig. 6(b). cAgra-Amboage et al. (2011).
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[Fe II] 1.644 µmの第二の分子流成分を複数成分ガウシアンフィットにより分離 
中速度成分は大きく開いた流れ 
中心のジェットと広角の分子風の間のshocking, turbulent entrainment layerだろう 
 
 
 
 

1688 M. C. White et al.

Figure 5. Two-component Gaussian fits to the spectra of four spaxels in the approaching DG Tau outflow. The spaxels are located at a distance of (a, b)
x = 0.62 arcsec and (c, d) x = 1.13 arcsec along the outflow axis. The spaxels shown in panels (a, c) are on the jet ridgeline at y = ! 0.03 arcsec, and the
spaxels in panels (b, d) are offset from the ridgeline at y = ! 0.26 arcsec. Actual data and uncertainties are indicated by black circles and error bars, fitted line
components are shown as blue dot–dashed and green dotted lines, and the total fit is shown as red dashed lines.

the fitted line width, via the formula FWHM2
intrinsic = FWHM2

fitted !
FWHM2

instrumental. We discuss the properties of each fitted component
below.

3.4.1 Approaching HVC

The [Fe II] 1.644 µm emission-line intensity image of the blueshifted
HVC in Fig. 6(a) shows the classic morphology of a well-collimated,
high-velocity jet. Knots B and C are reproduced. Knot A is not
visible, as that region of the outflow is not fit due to its low signal-
to-noise ratio, which results from the proximity of the central star.
The ‘pinching’ of the outflow " 1 arcsec along the outflow axis from
the central star is also reproduced. We interpret this to be due to a
lack of emitting gas between the two jet knots, rather than an actual
narrowing of the jet.

The peak line velocity at each position along the outflow occurs
on the jet ridgeline (Fig. 6b). The line-of-sight line velocity is con-
stant at " 170 km s! 1 in the region of knot B, 0.40 arcsec " 91 au
deprojected distance from the central star. The peak absolute line
velocity increases with distance from the central star between knots
B and C. This is in agreement with previous observations of the DG

Tau microjet that generally show increasing absolute line velocity
with distance from the central star (Bacciotti et al. 2000; Pyo et al.
2003b), although Pyo et al. (2003b) show some evidence for sinu-
soidal velocity variations (Section 4.1.1). The fitted line width is
lowest along the jet ridgeline (Fig. 6a), and the region of lowest line
width corresponds to the region of highest line component intensity
at each position along the outflow axis. This indicates the presence
of a narrow jet with a relatively undisturbed core.

3.4.2 Approaching IVC

The integrated line intensity image of the IVC shown in Fig. 6(d)
differs significantly from that of the HVC (Fig. 6a). The emission
is spread further from the outflow axis than the HVC. Interestingly,
the edge-brightened ‘V’-shaped structure is not reproduced. This
is because the channel maps (Fig. 2) show intensity over a narrow
range of velocities, whilst Fig. 6d) displays the total intensity. This
indicates that it is the velocity structure that is stratified (Fig. 6e).
None of the observed emission knots is reproduced in the IVC.
There is a small increase in the IVC line intensity and absolute
line velocity at the position of knot B. The small spatial extent of
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【結論】!
以上の結果は時間変化するメカニズムに依存!
さらなるマルチエポックデータが必要である!
とくに!
・ノットの放出周期や固有運動!
・ジェットの時間進化にともなう速度の進化!
などはおもしろそう!
 



Multi-epoch Sub-arcsecond [Fe II] Spectroimaging of the 
DG Tau Outflows with NIFS. II. On the Nature of the Bipolar 

Outflow Asymmetry 

前の論文の続き 
遠ざかる成分のバブル状の構造に焦点を当てている 

M. C. White, G. V. Bicknell, P. J. McGregor and R. Salmeron  

34 M. C. White et al.

Figure 5. [Fe II] 1.644 µm contour image of the receding outflow from
DG Tau, formed over the velocity range 0–340 km s−1, for observing
epochs 2005–2009. Contours are drawn at levels of (15, 20, . . . , 40) ×
10−15 erg cm−2 s−1 arcsec−2. The location of the central star and the po-
sition and size of the occulting disc used during the observations are shown
as a yellow star and circle, respectively.

maximum expansion velocity is set to 230 km s−1, matching the
highest deprojected line velocity observed in the bubble-like struc-
ture (Fig. 2b). The models account for the inclination of the DG Tau
jet–disc system to the line of sight, and generate a simulated chan-
nel map of the emission from the bubble, based on an integral field
unit (IFU) with 0.05 × 0.05 arcsec2 spaxels and 21 km s−1 spectral
pixels. The simulated channel maps generated from these models
are shown in Fig. 7.

The redshifted outflow of DG Tau is well described phenomeno-
logically by a bubble with an internal velocity field describing ex-
pansion towards the bubble walls. Our models produce simulated
channel maps in reasonable agreement with the observational data.
However, the model of the bubble material expanding away from the
position of the central star (Figs 6b and 7b) produces less blueshifted
emission than the bubble material expanding away from the bubble
centre (Figs 6a and 7a). Therefore, the model where the bubble
material expands away from the central star is in better agreement
with observations (Figs 1a and 7c). This suggests that the location
where energy and/or momentum (Section 6.1) is being dispersed
to drive the bubble expansion is closer to the central star than the

Figure 6. Kinetic models of expanding bubbles. The top panels show ve-
locity vectors for snapshots of hemiellipsoidal bubbles with velocity fields
expanding (a) away from the centre of the bubble, and (b) away from the
location of the central star. Note that the vectors represent the velocity field
of the dispersed, shocked jet material interior to the bubble walls, which
is the source of the emission; the vectors are placed on the outside of the
bubble for clarity only. The central star, denoted by the star symbol, is at
the same distance from the bubble centre, denoted by the small circle, as the
bubble centre is from the bubble apex. The dashed lines show the alignment
of the velocity vectors in each model. The bubble major axis is aligned to the
outflow axis. The polar angle is defined as the angle from the outflow axis,
measured at the bubble centre. Velocities are modulated by the polar angle
such that the total gas expansion velocity reduces to zero at the same height
above the notional circumstellar disc (grey regions) as the point from which
the internal velocity field expands. The star and circumstellar disc are not
included in the models. (c) Velocity profiles of the models. Profiles for the
internal velocity field expanding away from the bubble centre (panel a) are
drawn in thin lines; profiles for the bubble expanding away from the central
star (panel b) are drawn in thick lines. The dashed lines show radial velocity
profiles, the dotted lines show vertical velocity profiles and the solid lines
show total velocity profiles.

centre of the bubble. We cannot definitively determine the location
of this driving centre because of obscuration by the circumstellar
disc (although, see Section 5.2). However, it is clear that a simple
kinetic bubble model provides a good approximation to the channel
maps of the receding outflow structure.

5 O R I G I N S O F A S Y M M E T R I C O U T F L OW S
F RO M AG N M O D E L L I N G

We have determined that the redshifted emission from the DG Tau
outflow is well described by a model of a stationary bubble with
an internal distribution of expanding, emitting material. This raises
the question as to why a bubble has formed on only one side of
the DG Tau star–disc system, whereas the opposing outflow has
been propagating as a well-collimated large-scale outflow since at
least the 1930s (Section 7.2; Eislöffel & Mundt 1998; McGroarty
& Ray 2004; McGroarty et al. 2007). Given that protostellar out-
flows are generally thought to be intrinsically bipolar symmetric, we
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DG Tau outßows Ð II. Bipolar asymmetry35

Figure 7. Comparison of simulated IFU data of two static, radially symmetric hemiellipsoidal bubble models with an internal distribution of emitting material
with an expanding velocity Þeld. (a) Bubble model where gas expansion velocity vectors point away from the centre of the bubble. (b) Bubble model where
gas expansion velocity vectors point away from the central star. In both cases, the major axis of the bubble is coincident with the outßow axis, and the bubble
base is positioned 0.70 arcsec from the central star. The emitting regions of the bubble have a Þxed thickness of 15 au. Maximum gas expansion velocities are
set to 230 km s! 1. Gas expansion velocities peak at the ÔapexÕ of the bubble structure, and decrease to 0 km s! 1 at the same height above the circumstellar disc
as the point from which the bubble expands. Simulated data are binned into velocity slices based on a model IFU with 0.05" 0.05 arcsec2 spatial pixels and
21 km s! 1 spectral pixels. Intensity scaling between each velocity slice is different. (c) Channel maps of the receding bubble in DG Tau, as observed in [FeII]
1.644µm line emission. Intensity scaling is the same between individual panels.

investigate the possibility that interaction with the ambient medium
is obstructing the receding outßow from DG Tau.

Previous studies have considered the interaction of a protostellar
outßow with ambient media, which could explain the observed
outßow asymmetry. For example, Raga & Cant«o (1995), de Gouveia
Dal Pino (1999) and Raga et al. (2002) investigated the effect of a
jet impacting a smooth, dense cloud of material, which tended to
deßect the jet trajectory. Delamarter, Frank & Hartmann (2000) and
Wilkin & Stahler (2003) investigated the propagation of spherical
winds into a non-spherical protostellar envelope. However, none of
these authors replicated the quasi-stationary bubble-like structure
we observe in DG Tau.3 In order to Þnd a study which does replicate
this structure, we turn to simulations of quasar-mode feedback.

5.1 Bubbles driven by AGN jets

In hydrodynamic simulations of outßows on the scales of AGN,
Sutherland & Bicknell (2007) identiÞed four distinct phases of a

3 Some of the simulations of de Gouveia Dal Pino (1999) do seem to show a
small bubble-like structure being formed by the dispersed jet. This may be
indicative of the situation occurring at the head of the obscured jet underlying
the DG Tau bubble (Section 5.2).

jet penetrating a two-phase interstellar medium (ISM), in which
the warm phase material is a clumpy distribution of dense, fractal
clouds. Immediately after being launched, the jet enters theßood-
and-channelphase, as it searches for the path of least resistance
through the clouds obstructing it. Then, as the jet head nears the
edge of the distribution of clouds, it produces anenergy-driven
bubblethat grows larger than the region of obstructing material. As
the jet enters thebreakoutphase, it clears the remaining ambient
material in its path and nears the edge of the bubble. Finally, the
jet pushes through the bubble apex, and enters theclassicalphase,
forming the traditional bow-shock morphology at the jet head as it
propagates into the wider, more evenly distributed ambient medium
(cf. the large-scale approaching DG Tau outßow; Eisl¬offel & Mundt
1998). Wagner & Bicknell (2011) conÞrmed this evolution for AGN
jets driven through a clumpy ambient medium concentrated near a
jet source in an approximately spherical distribution, as is believed
to occur in gas-rich protogalaxies. Such a distribution of ambient
material is also likely to result from the collapsing protostellar
cloud cores that surround early-class protostars. This evolution is
well illustrated in Þg. 2 of Wagner & Bicknell (2011).

Given that the simulations mentioned above deal with AGN jets
on scales of kiloparsecs, attempting to apply these results in detail
to YSO outßows is inappropriate. However, it is possible to com-
pare the structure of the DG Tau outßows to the evolutionary path
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A Parametric Modeling Approach to Measuring the Gas 
Masses of Circumstellar Disks 

星周円盤のガス成分の観測からモデルを介して質量を求めようという試み 
 
以前、麻生さんが紹介したため省略いたします 

Jonathan P. Williams and William M. J. Best 



A spider-like outflow in Barnard 5 - IRS 1: The transition 
from a collimated jet to a wide-angle outflow? 

Barnard 5 - IRS1のSMAによる電波輝線・連続波観測 
 

12CO (2Ð1) 
北東Ð南西方向の高速双極分子流を分解 
赤青それぞれ3つの速度領域で異なる構造 
(i) 低速では大きく開いたコーン状のローブ 
(ii) 中速の原始星近くの双極シェル 
(iii) 高速のバレット 
結果として蜘蛛のような形態に 
星風により分子ガスが巻き込まれた結果だろう 
 
 
 
 

 

Luis A. Zapata, HŽctor G. Arce, Erin Brassfield, Aina Palau, Nimesh Patel and Jaime E. Pineda  
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Figure 1. (a) SMA integrated intensity (moment 0) colour scale and contour map of the12CO(2Ð1) emission (grey contours), and the continuum emission at
1300µm (white contours) from B5-IRS1. The blue colour scale represents blueshifted gas, while the red colour scale represents redshifted gas. The integrated
velocity range for the blueshifted side is from! 50.9 to+ 6.2 km s! 1, while for the redshifted side is from+ 14.7 to+ 70.8 km s! 1. The white contours range
from 35 to 85 per cent of the peak emission, in steps of 10 per cent. The peak of the continuum emission is 0.032 Jy beam! 1. The grey contours range from 10
to 87 per cent of the peak emission, in steps of 7 per cent. The peak of the12CO(2Ð1) line emission is 150 Jy beam! 1 km s! 1. The emission peak here is the
arithmetic sum of the total integrated CO emission. The synthesized beam of the continuum image is shown in the lower-left corner. (b) Integrated intensity map
of the B5-IRS112CO(2Ð1) outßow at different velocity ranges. The different blue and red colour tones of the contours represent different range of velocities
with the lighter (darker) hues representing lower (higher) outßow velocities. The low-velocity blue and red ranges are [! 4.3 to+ 6.2 km s! 1] and [+ 14.7 to
+ 24.2 km s! 1]. The intermediate-velocity ranges are [! 39.0 to! 15.9 km s! 1] and [+ 35.1 to+ 59.7 km s! 1], while the high-velocity ranges are [! 50.9 to
! 40.3 km s! 1] and [+ 60.2 to+ 70.8 km s! 1]. The high-velocity bullets show a larger spread of velocities (see Fig.4), however, for clarity, we choose these
slightly narrower high-velocity windows. The contours for the different blue and red contours range from about 30 to 90 per cent of the peak emission, in steps
of 5 per cent. In the high-velocity emission, the contours start from 50 per cent the peak of the line emission. The two pink hexagons mark the positions of the
strongest H2 and Hα knots reported by Yu et al. (1999).

Figure 2. Sum spectra of the three lines detected towards B5-IRS1:
12CO(2Ð1) (blue),13CO(2Ð1) (green), and SO(65Ð54) (red). The sum spectra
were obtained from an area delimited by a 45 arcsec" 45 arcsec square for
12CO(2Ð1), and a 20 arcsec" 20 arcsec square for13CO(2Ð1) and SO(65Ð
54), all centred at the position of the source. The vertical dashed line repre-
sents the location of the systemic velocity of the cloud,VLSR # 10.0 km s! 1.
The spectra were obtained with the task VELPLOT ofMIRIAD .

velocities that are attributed to the presence of molecular outßows.
This is conÞrmed by our integrated intensity maps showing a clear
bipolar structure, see Figs1 and3.

In Fig. 1(a), we show the velocity-integrated intensity, or zero-
moment map, of12CO(2Ð1) for both the blue and red outßow lobes.
The velocity range of integration for the blueshifted lobe is from
! 50.9 to+ 6.2 km s! 1, while for the redshifted lobe is from+ 14.7
to + 70.8 km s! 1. With our SMA observations, we detect a sub-
stantially larger spread of velocities because the SMA data have
signiÞcantly better sensitivity than previous studies (see Velusamy
& Langer1998). The left-hand panel in Fig.1shows the wide-angle
bipolar outßow that has been reported in previous high-angular res-
olution studies of this source (Langer et al.1996; Velusamy &
Langer1998). In addition, our higher sensitivity and Þdelity maps
reveal new features in the outßow, especially at high velocities, that
are shown in Fig.1(b).

In Fig. 1(b), we split the range of integration into three different
velocity ranges in both the blueshifted and redshifted lobes. The
velocity ranges were selected such that each velocity range reveals
distinct features that appear to be similar (symmetrical) in both
lobes of the molecular outßow. These features are clearly separated
in velocity (and space) and do not appear be a single continuous
structure in the outßow. At low velocities, the wide-angle bipolar
outßow reported by previous studies is clearly seen. Our map reveals
that the low-velocity blueshifted lobe has a parabolical morphology,
while the redshifted lobe is of a conical (or triangular) shape. The
vertices of the cones have a projected opening angle of about 90$

for the blue lobe and about 80$ for the red lobe. At intermediate
velocities, the outßow shows parabolic lobes that have narrower
opening angles than the low-velocity outßow gas; we measured an
opening angle of 50$ for the red and 60$ for the blue lobe. At high
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Figure 4. PVD along the axis of the outßow that is shown in Fig.1. The
PVD was made at a position angle of 67.! 1. The black contours range from 6
to 90 per cent of the peak emission, in steps of 4 per cent. The peak of the line
emission is 6 Jy beam" 1. The grey contours represent the negative emission
arising mainly from velocities close to the cloudÕs systemic velocity and
have the same value as the black contours, but negative. The curves mark
the different structures found in our PVD. The circles mark the highest
velocity features in the outßow. Velocity is shown with respect to the LSR.

In Fig.5, we present PVDs of both outßow lobes, along cuts per-
pendicular to the outßow axis (PA= 157.! 1). These PVDs present
different structures compared to those shown in Fig.4. At low out-
ßow velocities (!10 km s" 1), there are two bright curved structures
that have similar velocity ranges in both outßow lobes, and are
related to the low-velocity and very wide angle structures seen in
Fig. 1(b). In addition, there are two (faint) ring-like structures in
both sides of the ßow at intermediate velocities (at outßow veloci-
ties of about 10Ð45 km s" 1). Such structures, in positionÐvelocity

space, are reminiscent of radially expanding shells or bubbles (see
for example Arce et al.2011; Zapata et al.2011), but are also sim-
ilar to the elliptical structures expected in the PVD of a jet with a
low inclination with respect to the plane of the sky (see Þg. 26 of
Lee et al.2000). As discussed above, the integrated intensity map
at intermediate velocities show narrow parabolic structures, very
different from the circular (or semi-circular) structures associated
with radially expanding bubbles. Furthermore, the observed struc-
ture is somewhat similar to the structures seen in young (Class 0)
jet-powered molecular outßows like L1448 (Bachiller et al.1995),
L1157 (Gueth, Guilloteau & Bachiller1996), and HH 211 (Gueth &
Guilloteau1999; Palau et al.2006; Lee et al.2007). In these young
sources, the molecular outßow cavities have a moderate opening
angle (similar to the intermediate-velocity structures we detect in
B5-IRS1) that are presumably formed by the passage of jet bow
shocks, consistent with the bow-shock-driven molecular outßow
model of Raga & Cabrit (1993). It therefore seems more likely that
the observed intermediate-velocity features are caused by propagat-
ing bow shocks in a jet, or highly collimated wind. The high-velocity
bullets are located at the tips of the intermediate-velocity elliptical
structure in the PVDs shown in Fig.5(and at the far ends of the PVD
shown in Fig.4). Hence, it seems possible that these high-velocity
features are tracing the tip (or head) of the bow shock responsible
for the intermediate-velocity cavities.

3.4 Nature of the morphology of the B5-IRS1 outßow

One of the most striking characteristics of the B5-IRS1 outßow is
the different structures observed at different ranges of velocities. As
discussed above, the high-velocity bullets and intermediate-velocity
structure are driven by a collimated (jet-like) wind, while the low-
velocity lobes are consistent with being formed by a wide-angle
wind. An increasing number of outßows have been observed that
show two components (a wide-angle structure and a collimated fea-
ture). They include L1551 (Itoh et al.2000), HH 46/47 (Velusamy,
Langer & Marsh2007; Arce et al.2013), Cepheus HW2 (Torrelles
et al. 2011), and Source I (Matthews et al.2010; Zapata et al.

Figure 5. Left-hand panel: PVD perpendicular to the outßow axis in the redshifted lobe. The PVD was made at a position angle of 157.! 1. The contour levels
and the peak emission are the same as Fig.4. Right-hand panel: the same as in the left-hand panel, but for the blueshifted lobe. The contour levels and the peak
emission are the same as Fig.4. The blue and red dots represent the position and velocities of the high-velocity bullets shown in Fig.1(b). The dashed curves
mark the different structures found in the PVDs. Both PVDs were made approximately 15 arcsec away from the continuum source in both sides of the outßow.
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