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T. Nony et al.: Episodic accretion constrained by a rich cluster of outßows

Several theoretical models have been proposed to explain
how molecular outßows are formed and driven in the cloud (see
the review byFrank et al.2014). The two most compelling
ones invoke either a wind launched from the whole surface
of the protostellar disk (disk-wind model by, e.g.,Konigl &
Pudritz2000) or a jet+ wind initiated at the innermost region
of this disk (X-wind model by, e.g.,Shu et al.2000). Whatever
the launching mechanism, these winds could easily recollimate
along magnetic-Þeld lines and become jet-like. Outßows could
then develop from this collimated jet when it crosses the en-
velope, creates internal shocks and a terminal bow shock, and
sweeps the ambient gas. A wide-angle wind would itself drive
shells through the surrounding envelope. Given the large variety
of length, opening angle, mass, and velocity structure observed
for protostellar outßows, both X-winds and disk-winds physi-
cal mechanisms may be acting. Each model predicts di! erent
relations in diagrams, such as the Position-Velocity (PV), mass-
velocity, and position-magnetic Þeld diagrams, that thus could
be used to di! erentiate between them (e.g.,Arce et al.2007).
A couple of models have shown PV diagrams associated with
episodic ejection (e.g.,Rohde et al.2019; Vorobyov et al.2018)
but they strongly depend on the structure adopted for the proto-
stellar envelope.

From an observational point of view, young, low-mass pro-
tostars referred to as Class 0s have molecular outßows extend-
ing up to a few! 0.1 pc, with collimation angles of a few degrees
only, and velocities up to 100 km s" 1 (Bally 2016). These molec-
ular outßows are often composed of a collimated jet at high ve-
locity, referred to as the Ôextremely high-velocityÕ component,
plus a shell-like wind tracing gas at lower speeds, referred to as
the Ôlow-velocityÕ or sometimes Ôstandard high-velocityÕ com-
ponent. Besides, collimated jets frequently appear as chains of
knots interpreted as internal shocks produced by episodic varia-
tions in the protostar mass-loss rate and/or the ejection velocity.
PV diagrams of these jets often display velocity spurs referred
to as ÔHubble lawsÕ, since the gas velocity of these ejection phe-
nomena increases with the distance to the protostar (case of,
e.g., the HH211 Class 0,Gueth & Guilloteau1999). A series of
these velocity spurs composes a jagged proÞle sometimes called
ÔHubble wedgeÕ (Arce & Goodman2001). These complex PV
diagrams have been investigated in about a dozen of low-mass
Class 0 protostars so far including L1448-C(N) (Bachiller et al.
1990), HH111 (Cernicharo & Reipurth1996), L1551 (Bachiller
et al. 1994), L1157 (Gueth et al.1998), IRAS 04166 (Tafalla
et al. 2004), HH212 (Lee et al.2006), HH46-47 (Arce et al.
2013), and CARMA-7 in Serpens South (Plunkett et al.2015).

As for high-mass protostars, current outßow studies often are
limited by their angular resolution (Beuther et al.2007; Maud
et al.2015; Cunningham et al.2016) or are focused on a handful
of objects only (Duarte-Cabral et al.2013; Cheng et al.2019).
Surveys with high-angular resolution in high-mass star-forming
regions are thus unavoidable to characterize high-mass protostel-
lar outßows and Þnally constrain the mass-loss or even accre-
tion history of high-mass protostars. Interferometric mosaics at
(sub)millimeter wavelengths currently are the best way to image
a large and homogeneous sample of outßows driven by proto-
stars forming within the same cloud. W43-MM1 has been im-
aged with ALMA and represents one of the richest protocluster
forming massive stars found to date (Motte et al.2018b). It is
located at 5.5 kpc from the Sun (Zhang et al.2014) at the tip of
the Galactic bar (Nguyen Luong et al.2011). This 6 pc2 cloud
ridge has a 2# 104 M$ mass and qualiÞes as Ômini-starburstÕ be-
cause its star-formation activity is reminiscent of that of starburst
galaxies (SFR! 6000 M$ Myr" 1, Motte et al.2003; Louvet

et al. 2014). Motte et al.(2018b) detected 131 cores in W43-
MM1, and among them 13 high-mass cores. With masses from
16 to 100M$ within their ! 2000 AU diameters, these cores are
expected to form high-mass stars in the near future.

Here, we present an ALMA mosaic of the W43-MM1 cloud
at ! 230 GHz, which reveals a cluster of molecular oußows
driven by high- to intermediate-mass protostars. From obser-
vations presented in Sect.2, we identify 46 molecular outßow
lobes and characterize their morphology (see Sect.3). In Sect.4,
we discuss the ejection events found in molecular jets and inter-
pret them as reßecting some accretion bursts, and in Sect.5 we
summarize our Þndings.

2. Observations

Observations were carried out in Cycle 2 between July 2014 and
June 2015 (project #2013.1.01365.S), with ALMA 12 m and 7 m
(ACA) arrays and baselines ranging from 7.6 m to 1045 m. W43-
MM1 was imaged with a 78%%# 53%%(2.1 pc# 1.4 pc) mosaic
composed of 33 Þelds with the 12 m array and 11 Þelds with
ACA. In the 12 m conÞguration, the primary beam is of 26.7%%

(45.8%%with ACA) and the maximum detectable scale is of! 12%%

(! 21%%with ACA). Data were reduced in CASA 4.7, applying
manual and selfcalibration scripts. We ran the CLEAN algorithm
with CASA 5.4 using a robust weight of 0.5 and themultiscale
(with 0, 1, 3, 9 and 17 beams) option in order to minimize in-
terferometric artefacts due to missing short spacings. Line data
were imaged using the merged (12 m+ 7 m) conÞgurations
while the continuum was imaged with the 12 m and 7 m arrays
separately. The 12 m-only data provide the best sensitivity image
chosen to identify compact cores (Motte et al.2018b) while the
7 m only map is the best to probe the column density background
of these cores. Parameters of the four line spectral windows used
in this study are presented in Table1. The 1.3 mm continuum
images themselves have 0.44%%and 5.3%%angular resolutions and
1! rms noise levels of! 0.13 mJy beam" 1 and! 9.1 mJy beam" 1

(0.015 K and 0.007 K).

Table 1.Parameters of the merged data for the spectral windows
used here.

Spectral "obs Bandwidth Resolution rms
window [GHz] [MHz] [%%] [km s" 1] a

SiO(5-4) 217.033 234 0.48 0.5 3.3
O13CS(18-17) 218.125 234 0.46 0.25 3.2

CO(2-1) 230.462 469 0.46 1.3 2.3
13CS(5-4) 231.144 469 0.46 0.35 2.9

(a) 1! rms in unit of mJy beam" 1. 1 mJy beam" 1 corresponds to 0.12 K
at 230 GHz.

3. Results and analysis

Using the CO(2-1) and SiO(5-4) lines, we have conducted a sys-
tematic search for outßows driven by the cores that have been
detected at 0.44%%angular resolution (or 2400 AU at 5.5 kpc) in
the 1.3 mm continuum image byMotte et al.(2018b).

3.1. Discovery of a rich cluster of outßows

Figures1a-b provide an overview of the cluster of molecular
outßows found in W43-MM1. The blue- and red-shifted wings
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Fig. 1.Cluster of molecular outßows in the W43-MM1 massive protocluster. Contours of the integrated blue- and red-shifted emis-
sion of the CO(2-1) (ina) and SiO(5-4) (inb) line wings are overlaid on the 1.3 mm continuum emission of the 7 m array (gray
scale, with a 5.3!! beam and 10 mJy/beam rms).(a) The CO line is integrated over 42" 85 km s" 1 for blue lobes and 111" 154 km s" 1

for red lobes. Contours are 15, 35 to 235 by steps of 50 in unit of! blue = 33 mJy beam" 1 km s" 1 and! red = 42 mJy beam" 1 km s" 1.
(b) The SiO line is integrated over 43" 93 km s" 1 for blue lobes and 103" 153 km s" 1 for red lobes. Contours are 8, 18, 28 to 203
in unit of ! = 23 mJy beam" 1 km s" 1. Ellipses in the lower-left corner represent the angular resolutions of each image and a scale
bar is shown on the top panel to indicate the size in physical units. Boxes outline the zooms-ins of Figs.3-4.
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Fig. 3.Molecular outßows driven by cores in the central region of the W43-MM1 ridge. Outßows detected at high velocity (ina) are
shown in detail with their low- and high-velocity components in zoomsb, c, andd. Contours of the integrated blue- and red-shifted
emission of the CO(2-1) line wings are overlaid on the 1.3 mm continuum emission of the 12 m array (gray scale). For blue lobes,
emission is integrated over 42� 64 km s�1 (HV, blue contours) and 82� 88 km s�1 (LV, cyan contours). For red lobes, emission is
integrated over 108�119 km s�1 (LV, orange contours) and 128�158 km s�1 (HV, red contours). For blue lobes, contours are 7, 15,
30 to 230 by steps of 40 (HV) and 7, 15 to 120 by steps of 15 (LV), in unit of! = 20 mJy beam�1 km s�1. For red lobes, contours
are 10, 20 to 160 by steps of 20, in unit of! LV,R = 37 mJy beam�1 km s�1 (LV) and 7, 15, 30 to 280 by steps of 50, in unit of!
(HV). Green ellipses locate the W43-MM1 cores, arrows (sometimes broken) indicate the direction of their outßows, dashed line
outline the best developed outßow cavities. Knots of the blue lobe of core #8 are labelled B1 to B7 in zoomb (the Þrst knot B0 is
not visible on this integrated map). Ellipses in the lower corners represent the angular resolutions of the images and a scale bar is
shown ina andb to indicate the size in physical units (same physical units inc-d and Fig.4 than inb). Some isolated features, like
those outlined by the blue contours below the Z2 box ina, correspond to di! use gas not associated with the W43-MM1 outßows.
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Table 2.Main characteristics of each outßow lobe driven by W43-MM1 protostars located in its center (top rows) and south-western (bottom rows) part.

Associated core Blue lobe Red lobe
Name RAa Dec.a Mcore

a VLSR
b ! Vmax

c Lmax
c PAd AV

e ! Vmax
c Lmax

c PAd AV
e Commentf

[J2000] [J2000] [M! ] [km s" 1] [km s" 1] [#10" 2 pc] [deg] [#103 mag] [km s" 1] [#10" 2 pc] [deg] [#103 mag]
#1 18:47:47.02 -1:54:26.86 102± 5 98 - - - - 34 5.3 121.5 ± 0.5 2.5
#2 18:47:46.84 -1:54:29.30 55± 5 99 57 5.0 " 74.5 ± 0.8 1.7 48 6.1 114.6 ± 0.9 2.4
#3 18:47:46.37 -1:54:33.41 59± 4 98 83$-91 11 115± 0.5 0.78 (0.53) 60 13 " 105.5 ± 0.9 0.52 (0.28)
#4 18:47:46.98 -1:54:26.42 36± 3 102 - - - - 19$-25 6.9$-9.6 " 50± 1 2.4 Conf
#7 18:47:47.26 -1:54:29.70 23± 2 99 50 8.3 " 25.1$ ± 0.5 1.2 43 18 154$ ± 1 0.39 (0.25)
#8 18:47:46.54 -1:54:23.15 14± 2 97 82$-90 44 18$ ± 3 0.22 (0.13) 101 13 " 171$ ± 2 1.4 (2.5)
#9 18:47:46.48 -1:54:32.54 17.8 ± 0.9 97 61 9.6 " 56$ ± 1 0.83 (0.68) 64 7.2 127.0$ ± 0,5 0.99
#10 18:47:46.91 -1:54:29.99 16± 1 101 29 2.7 " 66.2 ± 0.5 1.7 - - - - Conf
#11 18:47:46.52 -1:54:24.26 2.1 ± 0.3 95 20 4.8 " 25.9 ± 0.5 0.55 52$-65 1.9$-6.1 173± 4 0.63 CO, Conf(R)
#12 18:47:46.57 -1:54:32.04 31± 4 98 - - - - 42 2.9 157.5 ± 0.5 1.2
#13 18:47:46.92 -1:54:28.62 11± 3 99 27 2.9 131± 4 2.6 18 2.9 " 52± 3 2.0 Conf
#14 18:47:46.97 -1:54:29.66 19± 4 100 45 4.2 " 165.8 ± 0.5 1.8 - - - - Conf
#16 18:47:47.02 -1:54:30.78 36± 6 100 60 3.7 110.2 ± 0.5 1.8 62 4.8 " 33± 1 1.5
#18 18:47:46.25 -1:54:33.41 28± 4 96 25 2.9 24.7 ± 0.5 0.69 - - - -
#19 18:47:46.88 -1:54:25.74 9± 3 100 27 2.1 107± 4 1.5 30 2.9 " 68± 1 2.0

#22-a 18:47:47.05 -1:54:32.15 8± 2 100 45 6.1 " 35.4 ± 0.5 0.91 46 7.2 159± 2 0.83
#22-b - - - - 58 4.0 " 127.5 ± 0.5 0.70
#23 18:47:46.90 -1:54:24.30 11± 3 101 39 5.1 22± 1 1.1 - - - - CO
#31 18:47:46.73 -1:54:17.53 4.3 ± 0.7 96$ 11$-14 7.7 17.2$ ± 1 0.31 16$-20 5.9 " 169.3$ ± 1 0.36 CO(R)
#36 18:47:46.64 -1:54:19.51 3.1 ± 0.5 96 11$-14 8.5 " 165± 2 0.45 27 6.3 14.6 ± 0.6 0.32 Conf(R)
#49 18:47:46.59 -1:54:20.48 3.7 ± 0.8 96 49 6.1 " 120.1$ ± 0.5 0.85 50 5.9 44.8$ ± 0.5 0.33
#15 18:47:44.77 -1:54:45.22 3.9 ± 0.3 95 78 13 152± 2 0.31 68 18 " 24.6 ± 0.5 0.17 (0.14)
#26 18:47:44.94 -1:54:42.84 5.2 ± 0.7 95$ 45 18 131.1 ± 0.5 0.24 71 12 " 48.5 ± 0.5 0.31 (0.23)
#29 18:47:45.22 -1:54:38.81 3.1 ± 0.5 95 39 9.3 78± 1 0.24 - - - -
#39 18:47:44.61 -1:54:42.16 2.3 ± 0.4 95$ 23 19 " 30.1 ± 0.9 0.21 24 19 133± 4 0.28
#44 18:47:44.76 -1:54:46.76 2.5 ± 0.3 97 50 9.3 " 36.2 ± 0.5 0.19 - - - -
#59 18:47:44.77 -1:54:44.17 1.4 ± 0.5 95$ 62 7.5 24.9 ± 0.5 0.32 64 6.7 " 150.8 ± 0.5 0.31
#67 18:47:44.09 -1:54:48.89 2.2 ± 0.3 95$ 74 22 " 83.8 ± 0.5 0.14 67 19 101.5 ± 1.5 0.16

(a) Values taken fromMotte et al.(2018b).
(b) Velocity at rest estimated with the13CS(5-4) line, except for cores #1, #2, and #4, for which the O13CS(18-17) line was used instead. A star marker indicates the velocity of the neighboring core
that is used for cores neither detected in13CS(5-4) nor in O13CS(18-17).
(c) Maximum velocity o" set and length, uncertain by 2 km s" 1 and 0.2%%(0.005 pc), respectively. A star marker indicates lower limits used in our calculations when measurements are confused by
line absorption features or neighboring outßows.
(d) Position angle of the molecular jet, measured from West to North. A star marker indicates molecular jets that are o" set by more than 0.2%%from their core center.
(e) Visual extinction measured over the complete extent of the outßow lobe, uncertain by 30%. A second measure at the tip of the molecular jet is given in parenthesis for lobes covered by more than
3 pixels in the 7 m array continuum map (i.e., withLmax & 9.6 # 10" 2 pc) and when it di" ers by more than 20%.
( f ) Less reliable outßow lobes are pinpointed by mentioning their confused environments (denoted with ÔConfÕ) or their non-detection in SiO(5-4) but in CO(2-1) (denoted with ÔCOÕ). Ô(R)Õ means
that the note applies to the red lobe only.
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For most of the molecular outßow lobes, the low-velocity
(|! V| ! 10 " 20 km s" 1) emission presents a wider morphol-
ogy but is similar to that of the high-velocity jet (see ßows
driven by cores #3, #7, #8, #9, and #26 in Figs.3b-d and4a).
For the longest outßows the observed cavity however tends not
to be symmetric around the jet axis (case of cores #7 and #8,
see Figs.3b-c). In marked contrast, core #15 developed outßow
lobes with wider-open angle, 30#, cavities, and varying veloc-
ities when projected on the line-of-sight (see Fig.4a). To give
more general trends is however di" cult because our observation
limitations (e#ect of self-absorption and missing short spacings)
preclude the detection of the outßow cavities developing close
to the systemic velocity (|! V| < 10 km s" 1).

3.4. Cloud environment crossed by outßow lobes

We characterized the cloud density within which each outßow
lobe develops by estimating the mean column density, or equiv-
alently the visual extinction, of the cloud over the complete ex-
tent of each outßow lobe. The (Þltered) column density along
any given line of sight may be derived fromI7m, the 1.3 mm ßux
density measured in the 7 m-array continuum image in a 5.3$$-
beam, by:

NH2,f =
I7m

$ beamµ mH ! 1.3mm B1.3mm(Tdust)

= 9.4 1023 cm" 2
!

I7m

Jy beam" 1

"
,

(1)

where $ beam is the beam solid angle,µ = 2.8 is the mean
molecular weight,mH is the mass of atomic hydrogen,! 1.3mm
is the dust opacity per unit mass column density at 1.3 mm, and
B1.3mm(Tdust) is the Planck function for a dust temperatureTdust.
Because W43-MM1 is a warm and dense cloud, we assumed
Tdust = 23 K and! 1.3mm = 0.01 cm g" 1 (see arguments inMotte
et al.2018b). Since, due to interferometer Þltering, scales larger
than! 21$$are missing, we added a Av=130 mag level measured
at the outskirt of the W43-MM1 cloud ridge on theHerschelcol-
umn density image, with 25$$resolution, byNguyen Luong et al.
(2013).

Equation1 then leads to the following equation for the visual
extinction,AV:

AV =
!

NH2

1021 cm" 2

"
%130 mag+ 940 mag&

!
I7m

Jy beam" 1

"
. (2)

AV values span more than one order of magnitude, from 140
to 2600 mag (see Table2). Since the median core environments
should have rather homogeneous temperature and dust opacity,
we estimate the relative uncertainty of ourAV values to be about
30% or less. Similarly, the large-scale Þltered cloud structures
haveAV values uncertain by up to 30%,AV = 130± 40 mag.
As for the absolute values of the visual extinction, they could
be uncertain by up to a factor of two due to opacities which are
generally badly constrained.

3.5. Knots in jets

Most of the molecular jets observed both in CO(2-1) and SiO(5-
4) integrated maps consist of a continuous emission plus a suc-
cession of knots, which are emission peaks aligned along the
outßow axis (see Figs.3b-d,4a-b and Figs.9a-b,A2a-c). In or-
der to validate the velocity coherence of these knots initially

identiÞed in space (see, e.g., Figs.3b-d and4a-b) and to char-
acterize their velocity and intensity structure, we built Position-
Velocity (PV) diagrams along the axis of each jet as deÞned in
Sect.3.3 and displayed in Figs.3-4. In order to smooth local
variations and gain in signal-to-noise level, we averaged the PV
diagrams over 0.6$$, about half of the mean width of molecu-
lar jets detected in W43-MM1. A smaller averaging width was
taken when needed to avoid confusion from neighboring out-
ßows. In Figs.3-4, directions of molecular jets are indicated by
arrows which follow the jet deßections when they exist. For the
few molecular jets with strong deßection, the PV diagram is the
juxtaposition of the ones built along each segment of the jet.

Figures5a-c,6a-f and7a-b show the PV diagrams of the out-
ßows that display several knots and are not too confused by other
outßows. For a given core with a bipolar outßow, we chose to
give negative position o#sets to its red lobe and positive o#sets
to its blue lobe. PV diagrams present a very complex structure
that varies from core to core and often, for a single core, from its
red lobe to its blue lobe. As a general trend, the PV diagram of an
outßow lobe is constituted of an intense emission at very low ve-
locity plus several linear features/Þngers that develop from these
low velocities up to the highest velocities of the outßow. The
low-velocity part of the outßow is not properly constrained by
present observations as it corresponds to absorbed zones at the
cloud velocity at rest (see Sect.3.1). As for the Þngers, most of
them have velocities that increase approximately linearly with
their positional o#sets, and thus their distance, from the core.
This distance-to-velocity relation, generally qualiÞed as ÔHubble
lawÕ (see, e.g., review byArce et al.2007), is outlined by seg-
ments in Figs.5Ð7. The best examples of Þngers with Hubble
law gas distribution can be found in the outßow lobes of core
#8 and core #7 (see Figs.5a and5c). The tip, at high velocity,
of these linear features are labelled with ÔRÕ or ÔBÕ plus their
ordered number, because they correspond to the spatial knots
observed along the jets (see Figs.3b-c and4a-b). We stress that
this numbering does not indicate the pairs of (red and blue) knots
that would have been simultaneously ejected by the protostar.

In total, we discovered 86 knots in the integrated maps and
PV diagrams of CO(2-1), contributing to 38 out of 46 outßow
lobes driven by 22 cores in W43-MM1. The mean number of
jet knots per outßow lobe with at least one knot thus is! 2.3.
Interestingly enough, outßows that do not display any jet knot
are low-velocity (Á15 km s" 1, for cores #31 and #36) or are con-
fused by the overlap with other outßows (cores #4, #11, and #14)
(see Table2 and Figs.3b-c).

Table 3 lists each of the detected knots with the distance
to their associated protostellar core or the connecting point be-
tween red and blue lobes,rknot, and their velocity relative to the
core velocity at rest,! Vknot = |Vknot " VLSR|. Velocities are mea-
sured on the high-velocity vertical segments associated to ev-
ery knot, either at its local maximum or at half the segment
when no clear maximum is observed (see Figs.5Ð7). The un-
certainties of knot velocities and positions were estimated to be
! 3 km s" 1 and! 0.2$$(! 0.005 pc), respectively. Table3 also lists
the mean velocity o#set of knots detected in each lobe, calcu-

lated as! Vlobe = ! Vknot
lobe

. The uncertainty on! Vlobe is taken
to be the dispersion between all the (1 to 8) measurements of
Vknot with a minimum value of 3 km s" 1. While the dispersion
is relatively small, typically! 4" 5 km s" 1 (see, e.g, Figs.5b or
6a), four lobes have a dispersion larger than 10 km s" 1, among
which the blue lobe of cores #8 and #15. The Þrst one is the
longest lobe in the sample and could display velocity wiggling
like those found byLee et al.(2015) or Choi et al. (2017).
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For most of the molecular outßow lobes, the low-velocity
(|! V| ! 10 " 20 km s" 1) emission presents a wider morphol-
ogy but is similar to that of the high-velocity jet (see ßows
driven by cores #3, #7, #8, #9, and #26 in Figs.3b-d and4a).
For the longest outßows the observed cavity however tends not
to be symmetric around the jet axis (case of cores #7 and #8,
see Figs.3b-c). In marked contrast, core #15 developed outßow
lobes with wider-open angle, 30#, cavities, and varying veloc-
ities when projected on the line-of-sight (see Fig.4a). To give
more general trends is however di" cult because our observation
limitations (e#ect of self-absorption and missing short spacings)
preclude the detection of the outßow cavities developing close
to the systemic velocity (|! V| < 10 km s" 1).

3.4. Cloud environment crossed by outßow lobes

We characterized the cloud density within which each outßow
lobe develops by estimating the mean column density, or equiv-
alently the visual extinction, of the cloud over the complete ex-
tent of each outßow lobe. The (Þltered) column density along
any given line of sight may be derived fromI7m, the 1.3 mm ßux
density measured in the 7 m-array continuum image in a 5.3$$-
beam, by:

NH2,f =
I7m

$ beamµ mH ! 1.3mm B1.3mm(Tdust)

= 9.4 1023 cm" 2
!

I7m

Jy beam" 1

"
,

(1)

where $ beam is the beam solid angle,µ = 2.8 is the mean
molecular weight,mH is the mass of atomic hydrogen,! 1.3mm
is the dust opacity per unit mass column density at 1.3 mm, and
B1.3mm(Tdust) is the Planck function for a dust temperatureTdust.
Because W43-MM1 is a warm and dense cloud, we assumed
Tdust = 23 K and! 1.3mm = 0.01 cm g" 1 (see arguments inMotte
et al.2018b). Since, due to interferometer Þltering, scales larger
than! 21$$are missing, we added a Av=130 mag level measured
at the outskirt of the W43-MM1 cloud ridge on theHerschelcol-
umn density image, with 25$$resolution, byNguyen Luong et al.
(2013).

Equation1 then leads to the following equation for the visual
extinction,AV:

AV =
!

NH2

1021 cm" 2

"
%130 mag+ 940 mag&

!
I7m

Jy beam" 1

"
. (2)

AV values span more than one order of magnitude, from 140
to 2600 mag (see Table2). Since the median core environments
should have rather homogeneous temperature and dust opacity,
we estimate the relative uncertainty of ourAV values to be about
30% or less. Similarly, the large-scale Þltered cloud structures
haveAV values uncertain by up to 30%,AV = 130± 40 mag.
As for the absolute values of the visual extinction, they could
be uncertain by up to a factor of two due to opacities which are
generally badly constrained.

3.5. Knots in jets

Most of the molecular jets observed both in CO(2-1) and SiO(5-
4) integrated maps consist of a continuous emission plus a suc-
cession of knots, which are emission peaks aligned along the
outßow axis (see Figs.3b-d,4a-b and Figs.9a-b,A2a-c). In or-
der to validate the velocity coherence of these knots initially

identiÞed in space (see, e.g., Figs.3b-d and4a-b) and to char-
acterize their velocity and intensity structure, we built Position-
Velocity (PV) diagrams along the axis of each jet as deÞned in
Sect.3.3 and displayed in Figs.3-4. In order to smooth local
variations and gain in signal-to-noise level, we averaged the PV
diagrams over 0.6$$, about half of the mean width of molecu-
lar jets detected in W43-MM1. A smaller averaging width was
taken when needed to avoid confusion from neighboring out-
ßows. In Figs.3-4, directions of molecular jets are indicated by
arrows which follow the jet deßections when they exist. For the
few molecular jets with strong deßection, the PV diagram is the
juxtaposition of the ones built along each segment of the jet.

Figures5a-c,6a-f and7a-b show the PV diagrams of the out-
ßows that display several knots and are not too confused by other
outßows. For a given core with a bipolar outßow, we chose to
give negative position o#sets to its red lobe and positive o#sets
to its blue lobe. PV diagrams present a very complex structure
that varies from core to core and often, for a single core, from its
red lobe to its blue lobe. As a general trend, the PV diagram of an
outßow lobe is constituted of an intense emission at very low ve-
locity plus several linear features/Þngers that develop from these
low velocities up to the highest velocities of the outßow. The
low-velocity part of the outßow is not properly constrained by
present observations as it corresponds to absorbed zones at the
cloud velocity at rest (see Sect.3.1). As for the Þngers, most of
them have velocities that increase approximately linearly with
their positional o#sets, and thus their distance, from the core.
This distance-to-velocity relation, generally qualiÞed as ÔHubble
lawÕ (see, e.g., review byArce et al.2007), is outlined by seg-
ments in Figs.5Ð7. The best examples of Þngers with Hubble
law gas distribution can be found in the outßow lobes of core
#8 and core #7 (see Figs.5a and5c). The tip, at high velocity,
of these linear features are labelled with ÔRÕ or ÔBÕ plus their
ordered number, because they correspond to the spatial knots
observed along the jets (see Figs.3b-c and4a-b). We stress that
this numbering does not indicate the pairs of (red and blue) knots
that would have been simultaneously ejected by the protostar.

In total, we discovered 86 knots in the integrated maps and
PV diagrams of CO(2-1), contributing to 38 out of 46 outßow
lobes driven by 22 cores in W43-MM1. The mean number of
jet knots per outßow lobe with at least one knot thus is! 2.3.
Interestingly enough, outßows that do not display any jet knot
are low-velocity (Á15 km s" 1, for cores #31 and #36) or are con-
fused by the overlap with other outßows (cores #4, #11, and #14)
(see Table2 and Figs.3b-c).

Table 3 lists each of the detected knots with the distance
to their associated protostellar core or the connecting point be-
tween red and blue lobes,rknot, and their velocity relative to the
core velocity at rest,! Vknot = |Vknot " VLSR|. Velocities are mea-
sured on the high-velocity vertical segments associated to ev-
ery knot, either at its local maximum or at half the segment
when no clear maximum is observed (see Figs.5Ð7). The un-
certainties of knot velocities and positions were estimated to be
! 3 km s" 1 and! 0.2$$(! 0.005 pc), respectively. Table3 also lists
the mean velocity o#set of knots detected in each lobe, calcu-

lated as! Vlobe = ! Vknot
lobe

. The uncertainty on! Vlobe is taken
to be the dispersion between all the (1 to 8) measurements of
Vknot with a minimum value of 3 km s" 1. While the dispersion
is relatively small, typically! 4" 5 km s" 1 (see, e.g, Figs.5b or
6a), four lobes have a dispersion larger than 10 km s" 1, among
which the blue lobe of cores #8 and #15. The Þrst one is the
longest lobe in the sample and could display velocity wiggling
like those found byLee et al.(2015) or Choi et al. (2017).
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T. Nony et al.: Episodic accretion constrained by a rich cluster of outßows

Fig. 5. PV diagrams along the molecular outßows of cores #8 (ina), #3 (in b), and #7 (inc). Position o! sets,r on the X axis, are
given with respect to the core center or the connecting point between the red and blue lobes. Negative and positive position o! sets
correspond to the red and blue lobes, respectively. Each Þgure has the same physical scales on the X axis and on the Y axis. Contours
are 5, 10, 22 to 67 by 15 steps in unit of! CO = 2.5 mJy beam! 1. Additional 16! CO contours are drawn ina andc. Vertical and
horizontal segments in red locate the detected knots (atrknot in Table3) and outline their associated velocity range from whichVknot
was measured. Segments with arrows ina andb indicate the knots whose velocity range is limited by absorption features. Fingers,
with Hubble-law gas distributions connecting the knots with lower-velocity structures, are indicated with continuous black lines,
gas layers possibly associated with lateral forward shocks are indicated with dotted red lines. The PV area confused by another
outßow is hatched inb.
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�^�æ 1. Outßows characteristics in a dynamical environment

T. Nony et al.: Episodic accretion constrained by a rich cluster of outßows

Fig. 8. Maximal outßow length observed projected on the plane of the sky,Lmax, vs. the mass of the launching core,Mcore, (in a)
and the visual extinction of the cloud background crossed by the outßow,AV, (in b). For the longest outßows, measurements at
their tip (in parenthesis in Table2) are used instead of that averaged over their complete extent. Filled and empty squares pinpoint
outßow lobes developing in the central and south-western parts of W43-MM1, respectively. Blue and red colors show the blue- and
red-shifted lobes, respectively. The anti-correlation found inb (best Þt lineLmax ! A!

V with ! = " 0.5± 0.1) suggests that molecular
outßows are shorter in denser environments.

with the outßow momentum ßux (e.g.,Bontemps et al.1996;
Duarte-Cabral et al.2013; Maud et al.2015).

Regardless the correlations or non-correlations discussed
above, they are all obviously limited by our ability to detect pro-
tostellar outßows in the central part of W43-MM1. This ridge
contains extremely-dense, 104" 107 cm" 3 (see Sect.3.4, Nguyen
Luong et al.2013; Louvet et al.2014, 2016), material that should
slow down the propagation of molecular outßows. While no
global slowing down is observed in Fig.A3b, the inspection of
the PV diagrams of the asymmetric outßows of cores #8 and #7
possibly give some insights (see Figs.5a and5c). For core #8,
the velocity of knots, when they remain observable, are not much
impacted, with the velocity o! sets," Vknot, of R3 and R4 simi-
lar to that of R1 (see Fig.5a) and to the mean velocity of the

blue knots," Vknot
blue lobe

(see Table3). In contrast, the series of
nested shock structures, seen in the PV diagram of Fig.5a as
a continuous emission plateau over" V # 20 " 40 km s" 1 con-
necting knots, is less extended in the X axis for the red lobe
(containing R1 to R3) than for its blue counterpart (containing
B0 to B3):$0.1 pc vs.$0.19 pc. It also gets more intense at low
velocity, reachingICO = 0.5 Jy/beam vs.ICO = 0.3 Jy/beam.
These two last elements suggest quenching/containment of the
outßowing gas by the denser gas of the globally infalling cloud
structure inside which outßows develop. A similar trend is ob-
served in Fig.5c, where the complete red lobe of core #7 is twice
less extended than its blue lobe.

Besides the increased pressure expected for an increased
density, the complex kinematics of W43-MM1 should be consid-
ered. The W43-MM1 ridge is indeed a highly dynamical cloud
with 5" 10 km s" 1 gradients (Nguyen Luong et al.2013; Louvet
et al.2016) and inßowing gas at several tens of km s" 1 (Louvet
2015). These complex gas dynamics result in a blurring e! ect
along the velocity axis that prevents the identiÞcation of molec-
ular outßows with velocities lower than$10 km s" 1. Other pro-
cesses, such as the global infall that was reported in W43-MM1
by Motte et al.(2005) andCortes et al.(2010), could also slow

down or even disperse the gas contained within protostellar out-
ßows. This global infall is probably neither spherical nor con-
tinuous in time but it would rather consist of sporadic accre-
tion ßows along Þlaments thus following privileged directions
(e.g,. Schneider et al.2010; Peretto et al.2013; Motte et al.
2018a). The most massive protostars #1 and #4 are the best sites
where this scenario could apply since they are located at the cen-
ter of gravity of the infalling protocluster (Herpin et al.2012;
Cortes et al.2010) and they only developed small, low-velocity
monopolar (red) outßows (see Fig.3c). Interestingly, both their
missing lobes and the largest gas inßow observed toward the
clump hosting cores #1 and #4 are from the blue-shifted part of
the spectrum (Pouteau et al. in prep.). Therefore one can expect
this inßow of material to partly quench and disperse the out-
ßowing gas, thus preventing the development of well-organized
blue lobes. The general lack of cavity shells developing around
each molecular jet could as well be explained by the dispersal
of these moderate-velocity outßow components by infalling gas.
Numerical simulations of protostellar outßows interacting with
a dense and dynamical environment are deÞnitively needed to
go beyond the qualitative hints given above. They could use
the shape in PV diagrams of both the high-velocity part of the
plateau and the low-velocity arch observed in, e.g., Fig.5a, to
distinguish the passive quenching of density from the active dis-
persion of a complex gas inßow.

4.1.2. Outßow chemistry through CO versus SiO tracers

Another argument for the large impact of the cloud kinematics
on W43-MM1 outßows arises from the comparison of SiO(5-4)
and CO(2-1) tracers. SiO has indeed proven to give insights on
the cloud chemistry and, as a result, on the cloud dynamics (e.g.,
Louvet et al.2016).

In total 42 out of the 46 outßow lobes (i.e. 91%) are detected
both in CO(2-1) and SiO(5-4) (see Figs.9a-b andA2a-c). Such
a high detection rate of the molecular outßows in SiO is fre-
quent in high-mass star-forming regions (see howeverWidmann
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Fig. 9. Molecular outßows observed in SiO(5-4) compared with their CO(2-1) emission in the central region (ina, Z1 Þeld of
Fig. 3a) and in the surrounding of core #67 (inb). The SiO line is integrated over 43� 93 km s�1 (continuous blue contours) and
103� 153 km s�1 (continuous red contours), with contours of 6, 11, 18 to 198 by steps of 15 (ina) and 5, 10, 20 (inb), in unit of
! SiO = 23 mJy beam�1 km s�1. The CO line is integrated over 21� 64 km s�1 (dotted blue contours), with contours 7, 15, 30 to 270
by steps of 40 (ina) and 5, 12, 19 (inb), in unit of ! CO,B = 32 mJy beam�1 km s�1; and 128� 158 km s�1 (dotted red contours),
with contours of 7, 15, 30 to 280 by steps of 50 (ina) and 5, 15, 30, 45 (inb), in unit of ! CO,R = 22 mJy beam�1 km s�1. Contours
are overlaid on the 1.3 mm continuum emission of the 12 m array (gray scale). Green ellipses locate the W43-MM1 cores, arrows
(sometimes broken) indicate the direction of their outßows. Knots of the molecular outßow of core #8 are labelled B1 to B7.

et al.2016). Low-angular resolution surveys of the SiO(2-1), (3-
2) or (5-4) emission lines toward 50-400 high-mass molecular
clumps indeed reported detection rates as high as⇠60%Ð90%
(L«opez-Sepulcre et al.2011; Csengeri et al.2016; Li et al.2019).
These rates are in marked contrast with the rare detection of the
SiO(5-4) emission line toward low-mass star-forming regions.
For instance, less than 30% of the⇠20 best-known outßows aris-
ing from low-mass protostars have been detected byChandler &
Richer(1997) andGibb et al.(2004). This discrepancy is most
likely due to the excitation conditions of the SiO(5-4) emission
line, that has a high critical density of (5� 10)⇥ 106 cm�3. Such
high densities are more easily reached in high-mass than in low-
mass star-forming regions.

Beyond the detection rate of the molecular outßows in the
SiO(5-4) emission, the important new result here is that the mor-
phologies of SiO outßows are very similar to those of the CO
outßows (see Figs.9a andA2a-c). The high-angular resolution
studies byDuarte-Cabral et al.(2014) andZhang et al.(2015)
reported a similarity, but less striking, for 10Ð20 outßow lobes
in Cygnus X and IRDC G28.34+0.06P1, respectively. This ex-
cellent correlation between CO and SiO probably stems from

the peculiar chemistry of SiO in W43. We recall that the most
e! cient path for the SiO formation is a gas phase reaction be-
tween O2 and Si (Le Picard et al.2001). Getting Si in the gas
phase generally requires high-velocity shocks that will erode the
core of the dust grain (�25 km s�1, Schilke et al.1997; Gusdorf
et al. 2008). In W43-MM1, Louvet et al.(2016) have however
shown that a wide-spread SiO emission was associated with low-
velocity shocks (⇠10 km s�1). They explained this atypical asso-
ciation by the presence of a fraction of the total Si abundance
(1% to 10%) in the form of SiO located in the mantle of the dust
grain. Such hypothesis can be explained if a Þrst event of high-
velocity shocks formed the SiO that got depleted onto the mantle
of dust grain. This proposed peculiarity would permit that SiO
emits over a large range of shock velocities within the outßows
of W43-MM1, and not only where high-velocity (>25 km s�1)
shocks are present.

In this respect, the case of core #67, the most isolated core
of the W43-MM1 protocluster, is enlightening. It drives a bipo-
lar outßow that is nicely traced in CO(2-1) whereas SiO(5-4) is
only detected at the terminal bow shocks, plus a few locations
along the red-shifted lobe (see Fig.9b). The core #67 is located
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(1) Dynamical Timescale vs.  (a)�¯�ž�í�”�| (b)�’�•�S�ù�M  T. Nony et al.: Episodic accretion constrained by a rich cluster of outßows

Fig. 10. Outßow dynamical timescale corrected for a mean projection angle of 57.3! , tdyn, corr, vs. the mass of the launching core,
Mcore, (in a) and the visual extinction of the cloud background crossed by the outßow,AV, (in b). The dynamical timescale of a
given core is evaluated in two ways: as the oldest ejection event (triangles) and as theLmax/ ! Vmax ratio (squares). Both dynamical
timescales are plotted ina, showing that they generally are consistent within errorbars. A single estimate is used inb, that corre-
sponds to the oldest ejection event (triangles) when it can be measured and theLmax/ ! Vmax ratio otherwise (squares). No signiÞcant
correlation is observed ina. The anti-correlation betweentdyn andAV in b, tdyn " A!

V with ! = #0.7 ± 0.1 (magenta line) and a
Pearson correlation coe" cient of -0.67, recalls that betweenLmax andAV in Fig. 8b.

of the beam ($0.2%%or $0.005 pc). We consider that this sec-
ond method provides the most reliable estimates of the ejection
timescale. The two timescale estimates given above are consis-
tent to within the uncertainties for 19 out of the 23 cores or mul-
tiples (see Fig.10a). The dynamical timescales of outßows in
W43-MM1, before any correction of projection e#ects, range
from 400 yr to 104 yr, with a median value of$1500 yr.

To estimate the real values of dynamical timescales, one
needs to correct from projection e#ects, process which is haz-
ardous when the inclination angle remains unknown (see how-
ever Sect.4.2.3). Measured velocities and lengths in fact are ve-
locities projected along the line of sight,! Vmax = ! Vreal &cos (i),
wherei is the angle to the line of sight, and lengths projected
on the plane of the sky,Lmax = Lreal & sin (i). The dynami-
cal timescales corrected for the projection angle would then be
tdyn,corr = tdyn/ tan (i). Assuming a random distribution of incli-

nation angles, the mean value is given byi =
! " / 2

0
i sin (i) di =

1 rad = 57.3! . This leads to dynamical timescales that, once
statistically corrected for homogeneous projection e#ects, range
from tdyn,corr = 280 yr to 6300 yr.

Figures10aÐb display the dynamical timescale of protostel-
lar outßows as a function of the mass of the launching core
and as a function of the visual extinction of the background
cloud. While no correlation is observed with the coreÕs mass (see
Fig. 10a), an anti-correlation is found between the dynamical
timescale of outßows and the visual extinction of the background
they cross (see Fig.10b). As shown in Figs.10a-b, the dynami-
cal timescale of outßows in the central part of W43-MM1 (Þlled
symbols) seems on average Ð but not systematically Ð a couple
of times shorter than the dynamical timescale of protostellar out-
ßows in the south-westernmost part of W43-MM1 (empty sym-
bols). At face value and, assuming that this dynamical time is
representative of the complete ejection history and thus of the
true protostellar lifetime, this would imply that cores in the cen-
tral region are twice younger than those in the south-west. This
would suggest that cloud and subsequent star formation would

have started in the south-western part of W43-MM1 Þrst. This
Þts in the framework of recent cloud formation models (e.g.,Lee
& Hennebelle2016; V«azquez-Semadeni et al.2019), where sev-
eral cloud and star formation events sum up to form the Þnal
population of stars. That said, the anti-correlation observed in
Fig. 10b recalls the one found in Fig.8b betweenLmax andAV.
We recall that outßows in the central part of W43-MM1 gener-
ally arise from massive protostars and develop in dense environ-
ments (Motte et al.2018b, and Table2). Therefore, the trend ob-
served here could be completely environmental (see Sect.4.1).
In any case we stress that outßow dynamical timescales should
only be considered as rough estimates of the protostellar life-
times. A Þrst reason is that outßows very likely get missed or
dispersed in the cloud, if they do not simply fall below our detec-
tion limit. A second important reason is that our angular resolu-
tion does not allow to measure the velocity of the atomic and/or
molecular jet directly ejected by the protostar, but only the ve-
locity of the entrained molecular layer that could be a factor of a
few to ten times slower.

4.2.2. PV diagrams as open books on ejection variability

To go beyond the global characterization of outßow lobes and
study the evolution of the ejection process, PV diagrams are
among the most powerful tools. The PV diagrams of Figs.5a-
c, 6a-f, and7a-b display Þngers that generally have velocities
that increase, approximately linearly, with their positional o#-
sets, and thus with their distance, from the core. This is nicely
illustrated by the handful of linear features found in the outßow
lobes of core #8 (connected to knots R2, B1, B2 in Fig.5a),
of core #7 (connected to knots R2, R3, B1 in Fig.5c), of core
#49 (see Fig.6b), and of core #44 (see Fig.6e). Interestingly,
the slope of these Þngers tends to be steeper or even vertical
close to the core and shallower afterwards (see B1, B2, and B3
in Fig. 5a and R1, R2, and R3 in Fig.5c). In a ballistic sce-
nario, this behavior could indicate that the molecular ejecta plus
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the gas layer at its immediate interface, both lying within our
spatial resolution unit, are initially all located at close distances
from the core with various velocities. Then after propagation,
the ejecta, roughly corresponding to the knot, reaches further
distances than the entrained gas layer that now draws a Þnger
in the PV diagram. Similar changes of slopes have been pre-
dicted by models of variable ejections (e.g.,Rohde et al.2019).
The distance-velocity relations of these Þngers are frequently re-
ferred to as ÔHubble lawsÕ. We here interpret them as the sum of
1/ molecular gas ejected by the protostar and ballistically prop-
agating plus 2/ ambient gas dragged and accelerated by the jet
(see alsoArce et al.2007; Rohde et al.2019). In our case, Þngers
with Hubble-law gas distributions represent traces of enhanced
ejection events that add to a more continuous average ejection
level. At the tip of these Þngers observed in PV diagrams (see
particularly Figs.5a-c and Figs.6b-c,6f), vertical segments ap-
pear that correspond to knots. These knots, also called internal
shocks, mark enhanced velocity and density spots of the forward
shock where the ejecta and/or its accompanying accelerated gas
catches up with slower material from previous ejections (e.g.,
Jhan & Lee2016). In some PV diagrams, a gas layer/structure
presents a vertical or strongly declining slope that connects the
knot to theVLSR, recalling the features seen in simulations (e.g.,
Lee et al.2001). This gas layer could correspond to the lateral
forward shocks.

In our general case, Þngers with increasing velocities, knots,
and layers with decreasing velocities create triangular-shape
structures in the PV diagrams (see Figs.5a, 5c, Figs.6a-b and
6e-f). Several of these triangular shape structures add up forming
nested shocks that appear like a continuous emission plateau in
the PV diagrams (see, e.g., Figs.5a,5c). At large o! sets, most of
the low- to intermediate-velocity (<30 km s! 1) emission disap-
pears from PV diagrams, leaving the high-velocity vertical seg-
ments relatively isolated (case of B5 to B7 in Fig.5a). For a
couple of knots, their highest velocity appears upstream, draw-
ing a Ôslow-head, fast-tailÕ proÞle (see B2 and B3 of core #67
in Fig. 6f). Santiago-Garcia et al.(2009) and more recentlyJhan
& Lee (2016) attributed these Ôinverse-Hubble lawsÕ to projec-
tion e! ects of internal shocks, in agreement with the pulsed jet
simulations ofStone & Norman(1993).

Most of the PV diagrams observed for outßow lobes of W43-
MM1 protostars display several knots (see, e.g., Figs.5a-c and
6f). This probably is the signature of episodic ejection, with
variation of the velocity and/or of the mass of the gas ejected,
which could be related to episodic accretion. When observed
with lower spatial and/or spectral resolutions or lower sensitiv-
ity, only the high-velocity part of the PV diagram stands out.
These velocity peaks, corresponding to internal shocks, are then
the only structures that can clearly be identiÞed. When sev-
eral velocity peaks appear, PV diagrams present a jagged pro-
Þle sometimes called ÔHubble wedgeÕ (Arce & Goodman2001;
Stojimirovi«c et al.2006; Arce et al.2013; Plunkett et al.2015),
that should resemble to a smoothed version of, e.g., Fig.5a.

4.2.3. Time span between consecutive ejection events and

projection effects

Despite the fact that most of the lobes in the central region
seem limited by the environment (see Sect.4.1), 22 lobes from
14 cores or multiples display two knots or more. For those,
we measured the timescale di! erence between knots," t (see
Table3), suggesting it could be an estimate, within the limit of
projection e! ects, of the time between two successive ejection
events. The distribution of the 48" t values between these 72

knots varies from 290 yr to 4300 yr, with a median of" 780 yr
(before correction for projection e! ect). Since, for each lobe,
we used the same velocity to calculate alltknot values, the" t
measurements mostly relate to the distance between consecutive
knots," r, through the equation" t = " r/ " Vlobe. Uncertainties
of about 200 yr have been calculated using those set for" Vlobe
(see Table3) and a constant uncertainty of 0.4##for " r. Figure11
displays the distribution of timescale di! erences between knots.
Our " t sample should be complete as long as the referred two
knots can be separated in the PV diagrams. This will be the
case when their relative distance exceeds the spatial resolution
of the CO cube, FWHM= 0.013 pc, and their velocity o! -
set the Þrst quartile from which" t values are measured in our
sample," Vlobe " 33 km s! 1 (see Sect.3.3 and Table3). When
corrected for an average projection angle of 57.3$, the median
time span between ejection events and the 75% completeness
limit of our sample are" 500 yr and" 250 yr. The histogram of
Fig. 11 clearly peaks at" 500 yr, well above the completeness
level, suggesting that a typical timescale between two ejecta ex-
ists in W43-MM1.

Fig. 11. Distribution of the timescale di! erences between suc-
cessive ejection events. The top and bottom axes show the
timescales before and after the correction by an homogeneous
inclination angle of 57.3$, " tcorr and" t respectively. The 75%
completeness limit," 250 yr after deprojection, is represented
with a dashed line. Outßows display a variability with a typical
timescale, corrected for projection e! ects, of" tcorr " 500 yr.

We evaluated the projection e! ects of" t measurements by
considering two extreme conÞgurations presented in Figs.12a-
b. First, we assumed that ejections in W43-MM1 have the same
periodicity throughout the whole cluster and that the observed
dispersion is entirely due to projection e! ects. We recall that
measured distances and velocities are projected on the plane of
the sky and on the line of sight, respectively:" r = " rcorr %sin(i)
and" Vlobe = " Vlobe,corr %cos(i). In order to look for strong pro-
jection e! ects, we plotted the mean distance between knots of a

given lobe," r
lobe

, against the mean velocity of knots relative to
theVLSR, " Vlobe (see Fig.12a). We assumed that the most prob-
able inclination angle, 57.3$, is associated to lobes in the median
mode of our sample, which means those that present a median

distance between knots of" r
lobe
= 1.5## (or 8300 AU) and a
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Fig. 12. Mean projected distance between knots,! r
lobe

, vs. the mean velocity of knots,! Vlobe, for 21 outßow lobes with at least
2 knots. Error bars represent the±1� dispersion. Measurements and core numbers are indicated in red for outßow lobes discussed
below. Ina, blue lines locate the measurements for the mean inclination angle of a random distribution of outßows (57.3! ) and for
the inclination angles of the Þrst and last quartiles (41! , 76! ), assuming a constant variability timescale of! tcorr = 500 yr. Inb, blue
lines locate the measurements for the median timescale di" erence between knots,! tcorr = 500 yr, and the Þrst and last quartiles
(! tcorr = 400 and 800 yr), assuming a constant inclination angle of 57.3! .

median velocity of! Vlobe = 45 km s" 1. A conÞguration with
a single periodicity implies inclination angles varying from 29!

to 81! to cover the full dispersion in our sample. In Fig.12a, we

plotted the! r
lobe

vs.! Vlobe linear relations expected for the most
probable inclination angle ofi = 57.3! and for the Þrst and last
quartile angles,i = 41! andi = 75! . Most lobes of our sample
lie within this 50% percentile zone, with striking outliers being
lobes driven by core #39 (see Fig.12a). The low-velocity, long
outßow lobes (see Figs.4a and6d) driven by core #39 could be
lying close to the plane of the sky,i ! 80! . If however the low-
velocity outßow is intrinsic to the core, the latter could be more
evolved than the typical cores of W43-MM1. On the other hand,
the high-velocity, short outßow lobes driven by core #59, and to
a lesser extent the blue lobe of core #16 (see Figs.3c and4a)
argue for them to lie closer to the line of sight than the average,
i " 30! . Given that these cores lie in a confused environment,
their peculiarity needs to be conÞrmed to reinforce this interpre-
tation.

In the second conÞguration, we once again assumed that
each lobe is seen with the same inclination angle, 57.3! , and
thus that the observed dispersion of the timescale di" erences
between knots,! t, is caused by an intrinsic dispersion of time
variability in outßows. In that case, the timescale di" erence
between two knots, corrected for projection e" ects, directly is
! tcorr = ! t/ tan(57.3! ) and thus has a median value of#500 yr
(see Fig.11). The distribution of timescale di" erences clearly
peaks at#500 yr, but ten! tcorr values are above#1000 yr. Four
out of the Þve outliers above#1200 yr correspond to knots of the
#39 outßow,which would thus correspond to the most particular
outßow of our sample. In this conÞguration, timescale variations
! tcorr = 400" 800 yr can account for the dispersion of half of
the sample (see Fig.12b).

The other methods we used to infer the inclination angle of
observed outßows use the morphology of the ejection in inte-
grated images and/or PV diagrams. In our sample, this is most
likely the case of cores #15, #3 and #67. The bipolar outßow of
core #15 indeed displays a unique morphology in our sample,
with an ejection both blue- and red-shifted, both in its eastern

and western lobes (see Fig.4a). The western jet and the western
and eastern cavities contain both blue- and red-shifted gas, with
the blue-shifted emission more pronounced east of the core and
the red-shifted emission west of it. The outßow cavity, though
not centered on the jet direction has a maximum opening angle
from its axis of✓m = 16! . This conÞguration suggests that the
outßow of core #15 is observed in the third geometrical conÞg-
uration ofCabrit & Bertout(1986), a bipolar lobe seen close to
the plane of the sky:i $ 90 " ✓m %74! . As for core #3, its PV
diagram presents curved Þngers (see Fig.5b) that resemble the
arc-like structures observed byLee et al.(2015). This study sug-
gests that carved gas layers could come from sideways ejections
from an internal bow shock observed with large inclination an-
gles, which means close to the plane of the sky,i # 90! . With
similar arguments and following the interpretation ofSantiago-
Garcia et al.(2009) for the IRAS 04166 protostar, core #67,
which presents internal shocks with Ôslow-head, fast-tailÕ pro-
Þles (see Sect.4.2.2), would be seen with an inclination angle of
about 45! .

Since the three indirect methods (statistical, morphology,
and PV diagrams arguments) do not converge toward the same
objects that should lie on the plane of the sky or on the line of
sight, we chose not to individually correct outßow characteristics
but to keep the most probable angle, 57.3! , for homogeneously
deprojecting timescales.

4.2.4. Episodic ejection constraining variable accretion

Our study revealed the existence of a typical timescale for
the molecular outßow episodicity in W43-MM1,! tcorr #
500±300

100 yr, with a dispersion that can partly be attributed to pro-
jection e" ects (see Figs.11-12 and Sect.4.2.3). If this timescale
is not induced by propagation instabilities along the outßow, but
is rather associated with ejection events, it could characterize
episodic accretion.

Constraining the origin, within the close environment of the
outßowing protostar, of the instabilities creating this episocity
requires the comparison with dedicated models. Unfortunately,
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The imaging and deconvolution was made with natural
weighting, and the images were cleaned down to the rms noise
level with thehogbom algorithm Channel maps of the observed
lines are presented in Figs.A.1 and A.2. In these data, the
maximum recoverable scale is about 7!! (1000 au at the source
distance). The images were not corrected for primary beam
attenuation: the beam size of 17!! yields attenuation of 12% at
500 au and 4% at 300 au.

3. Results

3.1. Continuum emission

Figure 1 shows the continuum emission at 330 GHz derived
from the Cycle 3 data. It reveals emission from the Aa disk and
the ring structure detected in previous observations (seeDutrey
et al. 2016, and references therein), but the ring is now clearly
resolved. The ring is not azimuthally symmetric (after taking the
limb-brightening effect along the major axis into account), but
displays a" 15Ð20% stronger emission atPA # 240$%260$. The
outer edge is clearly shallower than the steep inner edge, con-
Þrming that some dust remains beyond the" 260 au outer edge
of the ring, as initially mentioned byDutrey et al.(1994). As in
previous studies (e.g.,Guilloteau et al.1999; PiŽtu et al.2011),
compact, unresolved emission is detected in the direction of the
single star Aa, but no emission originates from the Ab close
binary system.

A detailed study of the continuum emission is beyond the
scope of this paper and is deferred to subsequent work.

3.2. Images of line emission

Figure 2 shows the integrated intensity and the velocity maps
of 13CO(3Ð2) (left) and C18O(3Ð2) (right). In these Þgures,
the continuum has been subtracted. The velocity Þelds suggest
Keplerian rotation inside the disk.

The 13CO(3Ð2) emission extends out to 550 au, and the
C18O(3Ð2) is mostly visible in the dense ring.

3.2.1. Intensity variations

Figure 3 (upper panels) shows the radial proÞles of the inte-
grated brightness of the lines and of the peak brightness of the
continuum emission, averaged over the entire azimuthal direc-
tion, after deprojection to the disk plane. The deprojection was
made assuming a position angle of the minor disk axis of 7$ and
an inclination of 35$ (Dutrey et al.2014; Phuong et al.2018a).
See alsoPhuong et al.(2018a) for a detailed description of the
deprojection.

The 12C16O emission covers a broad region around the cen-
tral binary,r ! 6!! (800 au), peaking at the center. Some of the
differences between the three transitions of CO may result from
calibration effects and differentuv coverage. In particular, short
spacings are missing in the CO(6Ð5) transition data because of
its high frequency, making it less sensitive to extended structures.

Figure3 (lower panels) displays the azimuthal dependence
(in the disk plane) of the peak brightness and velocity-integrated
brightness in the ring (1.2!! & r & 2!! ) for CO, 13CO, C18O and
the 0.85 mm continuum emissions. The azimuth! in the disk
midplane is measured counterclockwise from the minor axis,
with 0 in the north direction. The signiÞcant enhancement in
the southeastern quadrant for12C16O corresponds to the hot spot
discovered byDutrey et al.(2014), which may reveal a possible
planet in formation (labelled ÒhpÓ for hypothetical planet in the
Þgure). It is far fainter in the other CO isotopologs.

Fig. 1. Continuum image at 330 GHz. The beam size of
0.19!! ' 0.14!! ,PA = 190$ is indicated in the lower left corner. The con-
tour levels are 0.5, 1, 2, 4, 8 and 16 mJy beam%1. The noise level is
0.06 mJy beam%1. The red ellipses indicate the inner and outer edges of
the dense dust ring at 180 au and 260 au, respectively (e.g.,Guilloteau
et al.1999). The positions of the Aa star and Ab close binary are indi-
cate by the crosses. The inset shows an enlarged view of the Aa and Ab
surroundings.

3.2.2. CO gas kinematics in the outer disk

For a thin disk, the line-of-sight velocity is given by
Vz = sini(Vrot sin! + Vfall cos! ) wherei is the disk inclination,
Vrot the rotation velocity andVfall the infall velocity, and! is
the azimuth in the disk plane. We can neglect the infall motions,
because the studies ofPhuong et al.(2018a) at angular resolution
of " 0.35!! have placed an upper limit of 9% on it with respect to
the rotation. We used the intensity-weighted images of the line-
of-sight velocityVz shown in Fig.2 and for each pixel calculate
Vz(sini sin! )%1. We then azimuthally averaged these values for
all pixels at the same radius (using a0.15!! radial binning) such
that|sin! | to > 0.7 (i.e., avoiding pixels around the minor axis)
to deriveVrot.

Figure 4 shows the dependence of(Vrot (r/ 1!! )1/ 2) on r,
which would be constant for the three CO isotopologs if the
rotation were Keplerian. The overall agreement between the
three isotopes is good, showing that the outer ring and disk
are in Keplerian rotation beyond about 180 au. A constant Þt
to these histograms givesVrot # 2.94 km s%1, with a standard
deviation (" ) of 0.14 km s%1 of the residuals from the mean for
CO, 2.98 km s%1 (" = 0.04 km s%1) for 13CO and2.81 km s%1

(" = 0.07 km s%1) for C18O, at # 1.0!! (the integration ranges
are illustrated in Fig.4).

The formal errors on these mean values are two to three times
smaller, depending on the number of independent points, which
is not a simple value given our averaging method. However, the
CO data show deviations from the mean that are not random,
because they occur on a radial scale of#0.8!! , more than twice
the resolution. We therefore conservatively used the standard
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Table 1. Observations.

Spectral line Frequency Energy level Channel spacing Beamsize Noise
(GHz) (K) (km s! 1) (K) ALMA project

12CO(6–5) 691.473 33.2 0.106 0.35"" # 0.31"", PA = 104$ 1.8 2011.0.00059.S
12CO(3–2) 345.795 16.6 0.106 0.34"" # 0.28"", PA = 91$ 0.7 2012.1.00129.S
13CO(3–2) 330.588 15.9 0.110 0.22"" # 0.16"", PA = 15$ 0.7 2012.1.00129.S, 2015.1.00224.S
C18O(3–2) 329.330 15.8 0.110 0.19"" # 0.14"", PA = 19$ 1.9 2015.1.00224.S
Continuum 330.15 – – 0.19"" # 0.14"", PA = 10$ 0.03 2015.1.00224.S

Notes. Column 3 gives the upper state energy level.

in these environments is a necessary step for understanding the
formation of planets in the binary/multiple systems.

The subject of this paper is a detailed study of gas and dust
properties of the GG Tauri A system. GG Tauri A, located in
the Taurus-Auriga star-forming region consists of a single star
GG Tauri Aa and the close binary GG Tauri Ab1/Ab2 with sep-
arations of 35 and 4.5 au on the plane of the sky, respectively
(Dutrey et al. 2016; Di Folco et al. 2014). We here ignore the
binary nature of Ab, and only consider the GG Tauri Aa/Ab
binary, unless explicitly noted otherwise. Although the Gaia
results suggest a value of 150 pc (Gaia Collaboration 2016,
2018), we use a distance of 140 pc for comparison with previous
works.

The triple star is surrounded by a Keplerian disk that is
tidally truncated inside at %180 au. The disk is comprised of a
dense gas and dust ring that extends from about 180 au up to
260 au and an outer disk that extends out to %800 au (Dutrey
et al. 1994). The disk is inclined at about 35$, with a rotation
axis at PA 7$. The Northern side is closest to us (Guilloteau et al.
1999). The disk is one of the most massive in the Taurus region,
%0.15 M&. This is %10% of the total mass of the stars. A 10%
mass ratio should lead to a small deviation (about 5%) from the
Keplerian law (Huré et al. 2011) outside the ring.

The outer disk is relatively cold and has dust and gas (derived
from 13CO analysis) temperatures of 14 and 20 K at 200 au,
respectively (Dutrey et al. 2014; Guilloteau et al. 1999). More
information about the triple system can be found in Dutrey et al.
(2016) and the references therein.

We here present a study of GG Tauri A using sub-millimeter
observations carried out with ALMA. The main goal is to derive
the properties of the gas cavity (density, temperature, and kine-
matics). For this purpose, we use a simple model for the gas
and dust outer disk that allows us to better retrieve the amount
of gas inside the cavity and simultaneously provides interesting
information about the outer gas disk. The paper is organized as
follows. Section 2 describes the observations and data reduction.
The observation results are presented in Sect. 3, and the radiative
transfer modeling of the outer disk is presented in Sect. 4. The
properties of the cavity (excitation conditions, mass, and dynam-
ics) are derived in Sect. 5. The gas and dust properties in the
circumbinary disk and inside the tidal cavity are discussed in
Sect. 6. Section 7 summarizes the main results.

2. Observations and data reduction

Table 1 lists the observational parameters of our data sets: the
spectral sampling, angular resolution and brightness sensitivity
for all observed molecular lines.

GG Tauri A was observed with ALMA Band 9 during Cycle
0 (2011.0.00059.S) and Band 7 during Cycle 1 (2012.1.00129.S)

and Cycle 3 (2015.1.00224.S). Anne Dutrey is the PI of the three
projects.

Cycle 0. Observations were made on 2012 August 13. The
spectral windows covered the 12CO(6–5) line (see Dutrey et al.
2014, for details of the data reduction). These data were pro-
cessed here with a restoring beam of 0.35"" # 0.31"" at PA = 104$.

Cycle 1. Observations were taken on 2013 November 18
and 19. The spectral windows covered the lines of 12CO(3–2)
and 13CO(3–2) at high spectral resolution (0.11 km s! 1). Details
of data reduction are given in Tang et al. (2016). The 12CO(3–2)
images were obtained here with a restoring beam of 0.34"" #
0.28"" at PA = ! 89$, and the 13CO(3–2) data were merged with
new data acquired in Cycle 3.

Cycle 3. Observations were carried on 2016 September 25
and 30 with 37 and 38 useful antennas in configuration C40-6.
The projected baselines range from 16 to 3049 m, and the total
time on source is 1.4 h. The spectral setup covered the lines of
13CO(3–2) and C18O(3–2) at 330.588 and 329.330 GHz in two
windows, each covering 58.89 MHz bandwidth with a high spec-
tral resolution of 141 kHz (%0.11 km s! 1). The continuum was
observed in two separate windows, one centered at 330.15 GHz
with 1875 MHz bandwidth and the other centered at 342.00 GHz
with 117 MHz bandwidth.

Data were calibrated with the CASA1 software (version
4.7.0). We used the quasar J0510+1800 for phase and bandpass
calibration. The absolute amplitude calibration was made using
J0522-3627 (flux %3.84 Jy at 343.5 GHz at the time of obser-
vations). The calibrated data were regrided in velocity to the
local standard of rest (LSR) frame using the task cvel, and were
exported through UVFITS format to the GILDAS2 package for
further data processing.

GG Tauri has significant proper motions: Ducourant et al.
(2005) cited [17, ! 19] mas per year, while Frink et al. (1997)
reported [11, ! 28] mas per year. These measurements are
affected by the multiplicity of the star, however. To realign our
observations, we assumed that the continuum ring is centered on
the center of mass of the system which we took as the center of
coordinates for our images. We fit the continuum emission with
the sum of a circular Gaussian (for the circumstellar disk around
Aa) and an elliptical ring (for the dust ring) in the uv plane
(Guilloteau et al. 1999; Piétu et al. 2011). The apparent motion of
the ring gives a proper motion of [9, ! 23] mas per year, which we
applied to all our data set. With these proper motions, the origin
of the coordinates is at RA = 4h 32m 30.3s and Dec = 17$ 31" 40""

at epoch 2000.

1 https://casa.nrao.edu/
2 https://www.iram.fr/IRAMFR/GILDAS/
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Fig. 2. Upper panels: 13CO(3Ð2) integrated
intensity map (left, contour spacing 0.01
Jy beam! 1 km s! 1 (3! ) with zero level omit-
ted) and velocity map (right). Lower panels:
C18O(3Ð2) integrated intensity map (left, con-
tour spacing 0.01 Jy beam! 1 km s! 1, 2! ) and
velocity map (right).The beams are indicated
in lower left corner in each intensity map. The
contour level spacing in the velocity maps is
0.5 km s! 1. The continuum has been subtracted.
The white ellipses indicate the inner and outer
edges of the dust ring.

deviation as the error on the mean. Using the three indepen-
dent measurements from CO,13CO, and C18O, we derive a mean
weighted value of2.94± 0.03 km s! 1 for the Keplerian rotation
speed at1"", i.e.3.48± 0.04 km s! 1 at 100 au, in agreement with
previous, less precise determinations (e.g.Dutrey et al.(2014)
found3.4± 0.1 km s! 1). When the uncertainty on the inclination,
±2#, is taken into account, this corresponds to a total stellar mass
of 1.36± 0.07M$ .

The apparent lower-than-Keplerian velocities for radii larger
than2.1"" (for C18O) or 3"" (for 13CO) are due to the low level of
emission in these transitions. Those at radii smaller than about
0.8"" are discussed in Sect.6.3.

4. Disk modeling

4.1. Objectives

Our main objective is to derive the properties of the gas in the
cavity. However, the overall source size, in CO and13CO, is
comparable to or larger than the largest angular scale that can be
recovered. This means that a simple method in which we would
just use the globally deconvolved image to identify the emis-
sion from the cavity might be seriously affected by the missing
extended ßux. Accordingly, we used a more elaborate approach
in which we Þt a smooth-disk model to the emission beyond

about 160 au. The extended emission from this model is bet-
ter recovered through its analytic prescription. This outer disk
model was later subtracted from the visibility data, so that the
residuals have no structures at scales larger than about 3.5"", that
is, the cavity size. These residuals can then be properly imaged
and deconvolved without suffering from missing large-scal
ßux.

4.2. Disk model

We used the DiskFit tool (PiŽtu et al.2007) to derive the
bulk properties of the ring and outer disk. The disk model
was that of a ßared disk with piece-wise power laws for the
temperatures and surface densities, and sharp inner and outer
radii beyond which no molecule (or dust) exists. The tempera-
ture was vertically isothermal, and the vertical density proÞle
was a Gaussian,n(r, z) = n0(r) exp(! (z/ H(r))2), with a scale
height following a simple power lawH(r) = h0(r/ R0). For spec-
tral lines, we assumed that the velocity Þeld was Keplerian,
v(r) = V0(r/ R0)! 0.5, and used a constant local line widthdV.
The lines are assumed to be at local thermal equilibrium
(LTE): the derived temperatures thus indicate excitation tem-
peratures. The emission from the disk was computed using
a ray-tracing method. The difference between the predicted
model visibilities and the observed ones is minimized using a
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Fig. 3.Upper panels: radial dependence of the integrated brightness temperature (for lines) and brightness temperature (for continuum emission) in
the disk plane. The horizontal sticks indicate the angular resolutions.Lower panels: azimuthal dependence of the same quantities averaged over the
ring of 1.200 < r < 2.000. Left panels: plot of the emission from theJ = 6Ð5, 3Ð2 and 2Ð1 lines of12CO. For a description of the corresponding data,
seeTang et al.(2016) for theJ = 3Ð2 line andDutrey et al.(2014) for the others.Right panels: less abundant CO isotopologs (J = 3Ð2) emissions.
The gray region delineates the dust ring in theupper panels. In thelower panels, black arrows show the location of the limb-brightening peaks and
the magenta lines show the hot-spot location.

LevenbergÐMarquardt method, and the error bars were derived
from the covariance matrix.

A more detailed description of the DiskFit tool and our
adopted Þtting method is given in AppendixB. The Þt param-
eters are summarized in TableB.1.

4.3. Continuum fit

The CO emission being at least partially optically thick, we
cannot simply separate the contribution of CO and continuum
(Weaver et al.2018). To determine the continuum properties,
we Þt the continuum using the broadband, line-free spectral
window data. We followed the procedure described inDutrey
et al.(2014), who derived dust properties using 1.3 and 0.45 mm
continuum. We Þrst subtracted a Gaussian source model of the
emission from the circumstellar disk of Aa. The emission from
the ring was then Þt by a simple power-law distribution for
the surface density and temperature, with sharp inner and outer
edges (see also AppendixB), assuming a spatially constant dust
absorption coefÞcient that scales with frequency! as! " .

The goal of this continuum modeling is that residual emis-
sion after model Þtting becomes lower than the noise level in the

spectral line data, so that the continuum does not introduce any
signiÞcant bias in the combined Þt for spectral lines described in
the next section. It is enough to adjust only the surface density
for this. We thus Þxed geometrical parameters (center, position
angle, and inclination, see Table2) and the inner and outer radii,
the absorption coefÞcient, and the temperature proÞle, using the
results ofDutrey et al.(2014). The results of the continuum Þt
are given in Table3. The residuals, such as those due to the
'20% azimuthal variations visible in Fig.1, or the shallow
outer edge of the brightness distribution, are well below 1 K in
brightness.

4.4. CO isotopologs

We analyzed the CO isotopolog data without removing the con-
tinuum. The parameters labeled ÒÞxedÓ in Tables2Ð3 were used
as Þxed input parameters for our modeling.

While the outer disk is well represented by a Keplerian disk,
the emission from the cavity does not follow such a simple
model. It contributes to a signiÞcant fraction of the total emission
from CO, however. Because the Þt was made by minimizing in
the visibility (Fourier) plane, we cannot separate the cavity from
the contributions of outer disk in this process.
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Fig. 5. Integrated intensity of (residual) emissions after subtracting the best ring+disk models.Left: 12CO(3Ð2). The restoring beam of0.34!! "
0.28!! ,PA = #89$ is indicated in the lower left corner.Middle: 13CO(3Ð2). The restoring beam is0.22!! " 0.16!! ,PA = 16$. Right: C18O(3Ð2). The
restoring beam is0.19!! " 0.14!! ,PA = #167$. The contour level is 0.07 Jy beam#1 km s#1 (5! ) for 12CO(3Ð2) map and%0.02 Jy beam#1 km s#1

(3! ) for 13CO(3Ð2) andC18O(3Ð2) maps, the zero level is omitted. The ellipses show the inner and outer edges of the dust ring at 180 and 260 au.

Table 4.Temperature derived from12CO(3Ð2) and surface density from
13CO(3Ð2) andC18O(3Ð2).

(1) (2) (3) (4) (5) (6) (7)
r Tk

13CO C18O Ratio
(au) (K) (K) (K) 1015 cm#2

160 27.2 0.17 [26,28] 39± 2 6.7 ± 0.6 5.8 ± 0.8
200 27.4 0.11 [25,28] 18± 1 5.5 ± 0.4 3.3 ± 0.4
260 19.7 0.07 [19,21] 9.7 ± 0.3 2.1 ± 0.1 4.6 ± 0.4
300 18.0 0.03 [17,19] 6.8 ± 0.1 0.39± 0.02 17± 1
400 10.7 0.02 [10,12] 2.8 ± 0.03 Ð Ð

Notes.Nominal model Þt after removal of Clean Components forr <
160au. (1) Knot radius. (2) Temperature derived from12CO(3Ð2) and
(3) its formal error from the Þt and (4) estimated conÞdence inter-
val from the minimizations. These uncertainty estimates do not take
into account an additional 10% error on the absolute ßux scale. (5Ð6)
Molecular surface density, (7)13CO/C18O surface density ratio.

We note that the scale height of24 at 200 au that was found
to represent well the CO isotopolog emissions (see AppendixB)
corresponds to a kinetic temperature of 15 K under the hyothesis
of hydrostatic equilibrium. This agrees reasonably well with the
dust temperature derived byDutrey et al.(2014).

The outer radius of the disk is370au inC18O, about 550 au
in 13CO and greater than 600 au in12CO. The last two radii are
less well constrained than that ofC18O because the temperature
drops steeply with radius.

5. Analysis of the gas inside the cavity

With a good Þrst-order model for the spectral line emission in the
ring and outer disk (i.e. beyond 169 au), we can now determine a
better representation of the emission coming from the gas in the
cavity. For this purpose, we subtracted our best ring+disk model
(presented in Sect.4) from the original visibilities. CLEANed
images of this residual emission, which mostly comes from the
cavity, were produced for the three CO isotopologs (12CO,13CO
and C18O J = 3Ð2). Figure5 presents the residual maps obtained.
In this section, we study the properties of the gas inside the cavity
using these residual maps.

Fig. 6. Radial dependence of CO gas (red) and dust (black) temper-
ature. The gas temperature is derived from the12CO(3Ð2) analysis.
Beyond 400 au, CO temperature is extrapolated from the Þtted law in
the range of300#400au. The power-law exponents are indicated in each
range. The uncertainty on the exponent is about 0.15 for the best con-
strained values (#1.2 and#1.8), and 0.3 for the others. The primary
beam attenuation introduces a bias of8% at 400 au. The dust tempera-
ture is taken fromDutrey et al.(2014). Beyond a radius of 285 au, the
dust temperature corresponds to an extrapolation.

Fig. 7. Comparison of the surface densities from the LTE analysis.

5.1. Dynamics inside the cavity

To study the gas dynamics inside the cavity, we plot in Fig.8
the azimuthal dependence of&Vz/ sin(i)' in Þve rings of width
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Fig. 8. Dependence of!Vz" ( km s#1) on the azimuth! ($) in the cavity.
12CO (3Ð2) is in black,13CO (3Ð2) in red and C18O (3Ð2) in blue. The
red curve is a Þt of a sine function to the13CO (3Ð2) data (see text). We
use a blank space when no good data are available (no emission) in the
ring. The magenta curves show the expected Keplerian velocity around
a single star of 1.36M%. The green curve inpanel f shows the best-Þt
velocity curve when infall motions are allowed, superimposed on the
13CO velocity.

0.25&&each of12CO(3Ð2),13CO(3Ð2), and C18O(3Ð2) emissions
in the region0 < r < 1.25&&. Azimuth and radius are deÞned in
the disk plane, i.e. deprojected from the disk inclination. In each
ring, we Þt the azimuthal dependency of!Vz/ sin(i)" of the13CO
with a sine functionVz/ sin(i) = Vz0 sin! . This sine function is
presented as the smooth red curve and the amplitudeVz0 is pro-
vided at the top of each panel. The good Þt for the13CO(3Ð2)
indicates that the gas inside the cavity is dominated by rota-
tion. The amplitude is smaller than that of the Keplerian velocity
v(r) =

'
GMtot/ r, however, whereMtot is the total mass of the

stars. However, this is most likely a result of the Þnite resolu-
tion of the observations combined with the very inhomogeneous
brightness distribution. The dynamics of the three lines agree for
1&&< r < 1.25&&, but differ in the region withr < 1&&. In partic-
ular, the12CO(3Ð2) departs from the13CO(3Ð2) in the region
0.25&&< r < 1&&(boxes (b,c,d) in Fig.8) because of the bright
localized emission regions seen in CO.

However, a better Þt to the observed velocities is obtained by
taking into account the contribution of a radial (from the disk
center) velocityVz/ sin(i) = Vfall cos! + Vrot sin! . The results
are presented in Table5: Vfall > 0 corresponds to infall motions.
As an example, the improvement in Þt quality is shown for the
range0.5&&< r < 0.75&&in panel f of Fig.8. Table5 thus indicates
that the gas in the cavity moves inwards to the center at veloci-
ties about0.3 km s#1, which is about10#15%of the Keplerian
velocity. Because infall and rotation motions have different radial
and azimuthal dependencies, the Þnite beam size has a different

Table 5. Infall and rotation velocities of the gas inside the cavity.

Ring VKep Vrot Vfall Vfall
Vrot

Vfall
VKep( km s#1) ( km s#1) ( km s#1)

(a) Ð 0.34 0.04 12% Ð
(b) Ð 0.79 0.21 27% Ð
(c) 3.63 0.98 0.30 31% 8%
(d) 3.07 1.08 0.38 28% 12%
(e) 2.71 1.27 0.48 38% 18%

Notes.The rings (a)Ð(e) are deÞned in Fig.8.

Fig. 9.Position-velocity diagrams of the13CO(3Ð2) emission in the cav-
ity along the major (upper panel) and minor axis (lower panel). The
black curves show the expected Keplerian velocity around a single star
of 1.36M%. Contour levels are spaced by 10 mJy beam#1; the zero con-
tour is omitted. The white lines indicate the position of the inner edge of
the dust ring (180 au) and the black lines show the position of the inner
radius of the gas disk (169 au). The data were rotated by7$ to align with
the disk axis, so that cardinal directions are approximate.

effect on the infall velocity than on the apparent rotation velocity,
especially in the presence of brightness inhomogeneities.

A direct illustration of the infall motions is given in Fig.9,
which shows position-velocity (PV) diagrams of the13CO(3Ð2)
emission in the cavity along the major and minor axis of the
disk. The PV diagram along the major axis shows the Keplerian
rotation down to the inner edge of the13CO(3Ð2) emission, at
( 1.1&&(160au). The PV diagram along the minor axis shows
an asymmetry between the north and the south consistent with
the derived infall motion of( 0.3#0.4 km s#1 at the same (depro-
jected) radius (the PV diagrams are presented in the sky plane).

5.2. Gas properties

Using the (residual)12CO(3Ð2) data and the12CO(6Ð5) data
from Dutrey et al.(2014), for which the emission outside of the
cavity is negligible, smoothed to a similar angular resolution
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Fig. 8. Dependence of!Vz" ( km s#1) on the azimuth! ($) in the cavity.
12CO (3Ð2) is in black,13CO (3Ð2) in red and C18O (3Ð2) in blue. The
red curve is a Þt of a sine function to the13CO (3Ð2) data (see text). We
use a blank space when no good data are available (no emission) in the
ring. The magenta curves show the expected Keplerian velocity around
a single star of 1.36M%. The green curve inpanel f shows the best-Þt
velocity curve when infall motions are allowed, superimposed on the
13CO velocity.

0.25&&each of12CO(3Ð2),13CO(3Ð2), and C18O(3Ð2) emissions
in the region0 < r < 1.25&&. Azimuth and radius are deÞned in
the disk plane, i.e. deprojected from the disk inclination. In each
ring, we Þt the azimuthal dependency of!Vz/ sin(i)" of the13CO
with a sine functionVz/ sin(i) = Vz0 sin! . This sine function is
presented as the smooth red curve and the amplitudeVz0 is pro-
vided at the top of each panel. The good Þt for the13CO(3Ð2)
indicates that the gas inside the cavity is dominated by rota-
tion. The amplitude is smaller than that of the Keplerian velocity
v(r) =

'
GMtot/ r, however, whereMtot is the total mass of the

stars. However, this is most likely a result of the Þnite resolu-
tion of the observations combined with the very inhomogeneous
brightness distribution. The dynamics of the three lines agree for
1&&< r < 1.25&&, but differ in the region withr < 1&&. In partic-
ular, the12CO(3Ð2) departs from the13CO(3Ð2) in the region
0.25&&< r < 1&&(boxes (b,c,d) in Fig.8) because of the bright
localized emission regions seen in CO.

However, a better Þt to the observed velocities is obtained by
taking into account the contribution of a radial (from the disk
center) velocityVz/ sin(i) = Vfall cos! + Vrot sin! . The results
are presented in Table5: Vfall > 0 corresponds to infall motions.
As an example, the improvement in Þt quality is shown for the
range0.5&&< r < 0.75&&in panel f of Fig.8. Table5 thus indicates
that the gas in the cavity moves inwards to the center at veloci-
ties about0.3 km s#1, which is about10#15%of the Keplerian
velocity. Because infall and rotation motions have different radial
and azimuthal dependencies, the Þnite beam size has a different

Table 5. Infall and rotation velocities of the gas inside the cavity.

Ring VKep Vrot Vfall Vfall
Vrot

Vfall
VKep( km s#1) ( km s#1) ( km s#1)

(a) Ð 0.34 0.04 12% Ð
(b) Ð 0.79 0.21 27% Ð
(c) 3.63 0.98 0.30 31% 8%
(d) 3.07 1.08 0.38 28% 12%
(e) 2.71 1.27 0.48 38% 18%

Notes.The rings (a)Ð(e) are deÞned in Fig.8.

Fig. 9.Position-velocity diagrams of the13CO(3Ð2) emission in the cav-
ity along the major (upper panel) and minor axis (lower panel). The
black curves show the expected Keplerian velocity around a single star
of 1.36M%. Contour levels are spaced by 10 mJy beam#1; the zero con-
tour is omitted. The white lines indicate the position of the inner edge of
the dust ring (180 au) and the black lines show the position of the inner
radius of the gas disk (169 au). The data were rotated by7$ to align with
the disk axis, so that cardinal directions are approximate.

effect on the infall velocity than on the apparent rotation velocity,
especially in the presence of brightness inhomogeneities.

A direct illustration of the infall motions is given in Fig.9,
which shows position-velocity (PV) diagrams of the13CO(3Ð2)
emission in the cavity along the major and minor axis of the
disk. The PV diagram along the major axis shows the Keplerian
rotation down to the inner edge of the13CO(3Ð2) emission, at
( 1.1&&(160au). The PV diagram along the minor axis shows
an asymmetry between the north and the south consistent with
the derived infall motion of( 0.3#0.4 km s#1 at the same (depro-
jected) radius (the PV diagrams are presented in the sky plane).

5.2. Gas properties

Using the (residual)12CO(3Ð2) data and the12CO(6Ð5) data
from Dutrey et al.(2014), for which the emission outside of the
cavity is negligible, smoothed to a similar angular resolution
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Fig. 8. Dependence of!Vz" ( km s#1) on the azimuth! ($) in the cavity.
12CO (3Ð2) is in black,13CO (3Ð2) in red and C18O (3Ð2) in blue. The
red curve is a Þt of a sine function to the13CO (3Ð2) data (see text). We
use a blank space when no good data are available (no emission) in the
ring. The magenta curves show the expected Keplerian velocity around
a single star of 1.36M%. The green curve inpanel f shows the best-Þt
velocity curve when infall motions are allowed, superimposed on the
13CO velocity.

0.25&&each of12CO(3Ð2),13CO(3Ð2), and C18O(3Ð2) emissions
in the region0 < r < 1.25&&. Azimuth and radius are deÞned in
the disk plane, i.e. deprojected from the disk inclination. In each
ring, we Þt the azimuthal dependency of!Vz/ sin(i)" of the13CO
with a sine functionVz/ sin(i) = Vz0 sin! . This sine function is
presented as the smooth red curve and the amplitudeVz0 is pro-
vided at the top of each panel. The good Þt for the13CO(3Ð2)
indicates that the gas inside the cavity is dominated by rota-
tion. The amplitude is smaller than that of the Keplerian velocity
v(r) =

'
GMtot/ r, however, whereMtot is the total mass of the

stars. However, this is most likely a result of the Þnite resolu-
tion of the observations combined with the very inhomogeneous
brightness distribution. The dynamics of the three lines agree for
1&&< r < 1.25&&, but differ in the region withr < 1&&. In partic-
ular, the12CO(3Ð2) departs from the13CO(3Ð2) in the region
0.25&&< r < 1&&(boxes (b,c,d) in Fig.8) because of the bright
localized emission regions seen in CO.

However, a better Þt to the observed velocities is obtained by
taking into account the contribution of a radial (from the disk
center) velocityVz/ sin(i) = Vfall cos! + Vrot sin! . The results
are presented in Table5: Vfall > 0 corresponds to infall motions.
As an example, the improvement in Þt quality is shown for the
range0.5&&< r < 0.75&&in panel f of Fig.8. Table5 thus indicates
that the gas in the cavity moves inwards to the center at veloci-
ties about0.3 km s#1, which is about10#15%of the Keplerian
velocity. Because infall and rotation motions have different radial
and azimuthal dependencies, the Þnite beam size has a different

Table 5. Infall and rotation velocities of the gas inside the cavity.

Ring VKep Vrot Vfall Vfall
Vrot

Vfall
VKep( km s#1) ( km s#1) ( km s#1)

(a) Ð 0.34 0.04 12% Ð
(b) Ð 0.79 0.21 27% Ð
(c) 3.63 0.98 0.30 31% 8%
(d) 3.07 1.08 0.38 28% 12%
(e) 2.71 1.27 0.48 38% 18%

Notes.The rings (a)Ð(e) are deÞned in Fig.8.

Fig. 9.Position-velocity diagrams of the13CO(3Ð2) emission in the cav-
ity along the major (upper panel) and minor axis (lower panel). The
black curves show the expected Keplerian velocity around a single star
of 1.36M%. Contour levels are spaced by 10 mJy beam#1; the zero con-
tour is omitted. The white lines indicate the position of the inner edge of
the dust ring (180 au) and the black lines show the position of the inner
radius of the gas disk (169 au). The data were rotated by7$ to align with
the disk axis, so that cardinal directions are approximate.

effect on the infall velocity than on the apparent rotation velocity,
especially in the presence of brightness inhomogeneities.

A direct illustration of the infall motions is given in Fig.9,
which shows position-velocity (PV) diagrams of the13CO(3Ð2)
emission in the cavity along the major and minor axis of the
disk. The PV diagram along the major axis shows the Keplerian
rotation down to the inner edge of the13CO(3Ð2) emission, at
( 1.1&&(160au). The PV diagram along the minor axis shows
an asymmetry between the north and the south consistent with
the derived infall motion of( 0.3#0.4 km s#1 at the same (depro-
jected) radius (the PV diagrams are presented in the sky plane).

5.2. Gas properties

Using the (residual)12CO(3Ð2) data and the12CO(6Ð5) data
from Dutrey et al.(2014), for which the emission outside of the
cavity is negligible, smoothed to a similar angular resolution
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Table 6.Properties of the brighter blobs.

Blob Position Radius dv H2 density N Tkin Mass (nLTE) Mass (12CO Flux) Mass (13CO Flux)
(!! ,!! ) (!! ) ( km s" 1) (cm" 3) (cm" 2) (K) ( M#) ( M#) ( M#)

(1) ( 2) (3) (4) (5) (6) (7) (8) (9) (10)

1 (0.27, 0.36) 0.45 2.5 >5.0 $ 104 (2.1+0.6
" 0.7) $ 1017 40± 5 (2.1+0.6

" 0.7) $ 10" 6 (3.1 ± 0.1) $ 10" 7 (1.9 ± 0.1) $ 10" 6

2 (" 0.09, 0.36) 0.37 2.7 >1.0 $ 104 (1.4+0.7
" 0.5) $ 1017 50± 5 (1.3+0.7

" 0.5) $ 10" 6 (4.5 ± 0.1) $ 10" 7 (2.3 ± 0.1) $ 10" 6

3 (" 0.45, 0.36) 0.58 2.1 >5.0 $ 104 (2.6+1.0
" 1.00) $ 1017 40± 5 (2.5+1.0

" 1.0) $ 10" 6 (3.2 ± 0.2) $ 10" 7 (1.1 ± 0.1) $ 10" 6

4 (0.09," 0.15) 0.17 6.2 >1.0 $ 105 (6.3+2.1
" 1.4) $ 1016 80± 10 (6.3+2.1

" 1.4) $ 10" 7 (6.9 ± 0.1) $ 10" 7 (2.5 ± 0.2) $ 10" 6

5 (0.45," 0.18) 0.48 2.5 >1.0 $ 104 (2.2+1.0
" 0.8) $ 1017 40± 5 (2.2+1.0

" 0.8) $ 10" 6 (3.9 ± 0.1) $ 10" 7 (1.7 ± 0.1) $ 10" 6

6 (0, 0.1) 0.12 6.1 >1.0 $ 104 (4.0+1.4
" 1.4) $ 1016 80± 10 (4.0+1.4

" 1.4) $ 10" 7 (3.4 ± 0.1) $ 10" 7 (2.8 ± 0.1) $ 10" 6

Notes. (1) Blob, (2) offset from ring center, (3) distance from center, (4) line-width (km s" 1), (5) H2 density, (6) CO column density, (7) kinetic
temperature, (8) H2 mass derived from the CO column density (non-LTE analysis), (9) H2 mass derived from the12CO ßux and (10) H2 mass
derived from the13CO ßux.

Fig. 10. Integrated intensity map of12CO(3Ð2) (upper panel)(this
work andTang et al.2016) and12CO(6Ð5)(lower panel)(from Dutrey
et al.2014) and positions and sizes of the blobs. The crosses mark the
positions of Aa and Ab, and the ellipse is the inner edge of the dust ring
(180 au).

(0.35!! $ 0.30!! ), we identify 2 dominant features. We decom-
posed these strong emission regions into Þve independent beams
(ÒblobsÓ) that we analyzed separately. To this we added a sixth
blob that connected blobs 2 and 4, a region that is particularly

bright in CO(6Ð5) (see Fig.10). Integrated line ßux and line
width were derived for each blob by Þtting a Gaussian to the
line proÞle. Velocities and line width derived from the CO (3Ð2)
were used to determine the13CO and C18O line intensities.

To determine the physical conditions, we used a non-LTE
escape probability radiative transfer code implemented in
DiskFit. It uses the escape probability formulation ofElitzur
(1992), ! = [1 " exp(" " )]/ " , a single collision partner, H2, and
Gaussian line proÞles. Non-LTE best-Þt solutions were found
by sampling the#2 surface, which is deÞned as the quadratic
sum of the difference between the measured brightness tem-
peratures and the computed values of the CO (6Ð5), CO (3Ð2),
13CO (3Ð2), and C18O (3Ð2) transitions, for ranges of H2 density
of 102" 1010 cm" 3, 12COcolumn density of1013" 1019 cm" 2, and
kinetic temperature of3" 100K using 50 steps of each param-
eter. We assumed the standard isotopic ratios12C/13C= 70
(Milam et al. 2005) and 16O/18O= 550 (Wilson 1999) for the
relative abundances of the isotopologs.12COconstrains the tem-
perature, and13CO the column densities. Owing to its faintness,
the C18O(3Ð2) data bring little information. Because the critical
densities of the observed transitions are low, we only obtain a
lower limit to the density. The blob parameters are presented in
Table6.

We typically Þnd high CO column densities of about a few
%1017 cm" 2 and temperatures in the range 40Ð80 K, with a lower
limit on the density of about 105 cm" 3. For blob 6, the faintest
region analyzed with this method, the problem is marginally
degenerate, with two separate solutions: (i) a high column den-
sity (%1017 cm" 2) and low temperature (%20K), and (ii) a low
column density (%1015 cm" 2) and high temperature (>80K).
This region lies between Aa and Ab, therefore the second
solution (which is also that of lowest#2) is more probable.

5.3. Gas masses

The lower limit on the density obtained from the non-LTE anal-
ysis was insufÞcient to provide any useful constraint on the
blob masses, we therefore used another method. We estimated
the blob mass from the derived molecular column density and
blob size, assuming a molecular abundance relative to H2, as
described below.

In the same way, we also derived the total amount of gas
in the cavity from the integrated ßux of the optically thin lines
of the13CO(3Ð2) and C18O(3Ð2). For this purpose, we integrated
the emission out to a radius of 160 au.
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Notes. (1) Blob, (2) offset from ring center, (3) distance from center, (4) line-width (km s" 1), (5) H2 density, (6) CO column density, (7) kinetic
temperature, (8) H2 mass derived from the CO column density (non-LTE analysis), (9) H2 mass derived from the12CO ßux and (10) H2 mass
derived from the13CO ßux.

Fig. 10. Integrated intensity map of12CO(3Ð2) (upper panel)(this
work andTang et al.2016) and12CO(6Ð5)(lower panel)(from Dutrey
et al.2014) and positions and sizes of the blobs. The crosses mark the
positions of Aa and Ab, and the ellipse is the inner edge of the dust ring
(180 au).

(0.35!! $ 0.30!! ), we identify 2 dominant features. We decom-
posed these strong emission regions into Þve independent beams
(ÒblobsÓ) that we analyzed separately. To this we added a sixth
blob that connected blobs 2 and 4, a region that is particularly

bright in CO(6Ð5) (see Fig.10). Integrated line ßux and line
width were derived for each blob by Þtting a Gaussian to the
line proÞle. Velocities and line width derived from the CO (3Ð2)
were used to determine the13CO and C18O line intensities.

To determine the physical conditions, we used a non-LTE
escape probability radiative transfer code implemented in
DiskFit. It uses the escape probability formulation ofElitzur
(1992), ! = [1 " exp(" " )]/ " , a single collision partner, H2, and
Gaussian line proÞles. Non-LTE best-Þt solutions were found
by sampling the#2 surface, which is deÞned as the quadratic
sum of the difference between the measured brightness tem-
peratures and the computed values of the CO (6Ð5), CO (3Ð2),
13CO (3Ð2), and C18O (3Ð2) transitions, for ranges of H2 density
of 102" 1010 cm" 3, 12COcolumn density of1013" 1019 cm" 2, and
kinetic temperature of3" 100K using 50 steps of each param-
eter. We assumed the standard isotopic ratios12C/13C= 70
(Milam et al. 2005) and 16O/18O= 550 (Wilson 1999) for the
relative abundances of the isotopologs.12COconstrains the tem-
perature, and13CO the column densities. Owing to its faintness,
the C18O(3Ð2) data bring little information. Because the critical
densities of the observed transitions are low, we only obtain a
lower limit to the density. The blob parameters are presented in
Table6.

We typically Þnd high CO column densities of about a few
%1017 cm" 2 and temperatures in the range 40Ð80 K, with a lower
limit on the density of about 105 cm" 3. For blob 6, the faintest
region analyzed with this method, the problem is marginally
degenerate, with two separate solutions: (i) a high column den-
sity (%1017 cm" 2) and low temperature (%20K), and (ii) a low
column density (%1015 cm" 2) and high temperature (>80K).
This region lies between Aa and Ab, therefore the second
solution (which is also that of lowest#2) is more probable.

5.3. Gas masses

The lower limit on the density obtained from the non-LTE anal-
ysis was insufÞcient to provide any useful constraint on the
blob masses, we therefore used another method. We estimated
the blob mass from the derived molecular column density and
blob size, assuming a molecular abundance relative to H2, as
described below.

In the same way, we also derived the total amount of gas
in the cavity from the integrated ßux of the optically thin lines
of the13CO(3Ð2) and C18O(3Ð2). For this purpose, we integrated
the emission out to a radius of 160 au.
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Table 7.Mass of gas inside the cavity.

Location Integrated ßux H2 mass Abundance
(Jy km s! 1) ( M" ) (w.r.t H2)

Cavity (12CO) 11.4 ± 0.8 6.1 ± 0.4 # 10! 6 8.0 # 10! 5

Cavity (13CO) 3.8 ± 0.1 1.6 ± 0.1 # 10! 4 (  )

Cavity (C18O) 0.5 ± 0.2 1.6 ± 0.8 # 10! 4 (à)

Notes. (  )X[13CO] = X[ 12CO]/70, and (à)X[C18O] = X[ 12CO]/550 (see
text).

In the optically thin approximation, the integrated ßux and
the column density of the upper level of a given transition are
related by

W =
gu

! u
Nu, (1)

whereW =
!

Tb dv is the integrated brightness inside the cav-
ity (R < 160au),gu = 2J + 1 is the statistics weight andNu is
the column density of the upper level,! u = hc3Aul

8" kB#2 (the Einstein
coefÞcientAul is taken from Lamda database3). Guided by the
results of the non-LTE analysis, we assumed that the gas temper-
atureT is 40 K everywhere inside the cavity and calculated the
total column densityNtotal of a given molecule as

Ntotal =
Nu

Z
exp

"
! Eu

kB T

#
(2)

where,Z is the partition function andEu is the energy of the
upper state. The12CO(3Ð2) emission, which is partially optically
thick, yields a lower limit.

The CO abundance was taken from the abundances measured
in TMC-1 by Ohishi et al.(1992), and we assumed a standard
isotopic ratio for the isotopologs (13CO andC18O). The results
are listed in Cols. 9Ð10 of Table6 for the blobs, and Table7
summarizes the results for the cavity.

The H2 mass derived from13CO(3Ð2) and C18O(3Ð2) is sim-
ilar which conÞrms that these lines are optically thin while the
12CO emission is optically thick.

6. Discussion

Figure11 is a schematic layout summarizing the properties of
the GG Tauri A system. Numbers quoted in this schematic view
are discussed in the following section.

6.1. Temperature distribution in the outer disk

Our analysis conÞrms that most of the outer disk of GG Tauri
A is very cold (see Fig.6). The gas temperature derived here
agrees with the value found byGuilloteau et al.(1999) from
13CO alone, 20 K at 300 au. The agreement between values
derived independently from12CO and 13CO supports our
assumption of a limited vertical temperature gradient in the CO
layer, as already mentioned byTang et al.(2016). A power-law
Þt to this temperature proÞle gives a radial dependency of
r! 1 ! r ! 1.3, conÞrming the previous exponent value of! 1
derived byGuilloteau et al.(1999). Dutrey et al.(2014) also
found a similar exponent for the dust temperature from the

3 https://home.strw.leidenuniv.nl/~moldata/
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Fig. 11.Schematic view of the GG Tauri system. Colored text indicates
results obtained from other publications. In particular, magenta shows
results fromPhuong et al.(2018b); seeDutrey et al.(2016) for a review
of other references. Black text shows results from this work.

analysis of dust images between 3 and 0.45 mm using a simple
power law. Because this study is based on multi-wavelength
continuum resolved observations from 3 up to 0.45 mm, the
derived dust temperature is characteristic of the large grains
that have likely settled down around the midplane. It is then
reasonable to consider that this temperature traces the midplane
dust temperature. This steep radial slope of the temperatures is
most likely due to the stellar light that is blocked by the inner
dense ring, and the rest of the disk then remains in its shadow.

6.2. Gas distribution and smoothness of the outer ring

Global properties. Our canonical (smooth) model
(Sect.4.4) shows that the ratio of the13CO andC18O column
densities beyondr > 300au is about 17 (see Table4) above the
standard isotopic ratio of 7, suggesting selective photodissocia-
tion (e.g.,van Dishoeck & Black1988), but also conÞrming that
in the outer disk the emissions are optically thin.

In contrast, inside the densest part of the ring (200! 260au),
the measured ratio is about3! 5. Chemical effects such as selec-
tive photodissociation and fractionation which occurs through
isotope exchange between CO and C+ (Watson et al.1976)
and enhances13CO at temperatures of about 20Ð30 K, would
both tend to enhance this ratio above the double isotopic
(16O/18O)/(12C/13C) ratio. Thus the simplest explanation for a
low value is partially optically thick13CO(3Ð2) emission. How-
ever, our model should account for the opacity if the disk
were as smooth as assumed. We therefore conclude that the
GG Tauri disk and ring deviate signiÞcantly from the smooth,
nonstratiÞed, azimuthally symmetric structure we adopted.

Smoothness versus unresolved structures. The radial
proÞle (see the upper panels in Fig.3) of the observed molecu-
lar lines,12CO(3Ð2),13CO(3Ð2), and C18O(3Ð2) does not appear
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Table 7.Mass of gas inside the cavity.
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where,Z is the partition function andEu is the energy of the
upper state. The12CO(3Ð2) emission, which is partially optically
thick, yields a lower limit.

The CO abundance was taken from the abundances measured
in TMC-1 by Ohishi et al.(1992), and we assumed a standard
isotopic ratio for the isotopologs (13CO andC18O). The results
are listed in Cols. 9Ð10 of Table6 for the blobs, and Table7
summarizes the results for the cavity.
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ilar which conÞrms that these lines are optically thin while the
12CO emission is optically thick.

6. Discussion

Figure11 is a schematic layout summarizing the properties of
the GG Tauri A system. Numbers quoted in this schematic view
are discussed in the following section.

6.1. Temperature distribution in the outer disk

Our analysis conÞrms that most of the outer disk of GG Tauri
A is very cold (see Fig.6). The gas temperature derived here
agrees with the value found byGuilloteau et al.(1999) from
13CO alone, 20 K at 300 au. The agreement between values
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Þt to this temperature proÞle gives a radial dependency of
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Fig. 11.Schematic view of the GG Tauri system. Colored text indicates
results obtained from other publications. In particular, magenta shows
results fromPhuong et al.(2018b); seeDutrey et al.(2016) for a review
of other references. Black text shows results from this work.

analysis of dust images between 3 and 0.45 mm using a simple
power law. Because this study is based on multi-wavelength
continuum resolved observations from 3 up to 0.45 mm, the
derived dust temperature is characteristic of the large grains
that have likely settled down around the midplane. It is then
reasonable to consider that this temperature traces the midplane
dust temperature. This steep radial slope of the temperatures is
most likely due to the stellar light that is blocked by the inner
dense ring, and the rest of the disk then remains in its shadow.

6.2. Gas distribution and smoothness of the outer ring

Global properties. Our canonical (smooth) model
(Sect.4.4) shows that the ratio of the13CO andC18O column
densities beyondr > 300au is about 17 (see Table4) above the
standard isotopic ratio of 7, suggesting selective photodissocia-
tion (e.g.,van Dishoeck & Black1988), but also conÞrming that
in the outer disk the emissions are optically thin.

In contrast, inside the densest part of the ring (200! 260au),
the measured ratio is about3! 5. Chemical effects such as selec-
tive photodissociation and fractionation which occurs through
isotope exchange between CO and C+ (Watson et al.1976)
and enhances13CO at temperatures of about 20Ð30 K, would
both tend to enhance this ratio above the double isotopic
(16O/18O)/(12C/13C) ratio. Thus the simplest explanation for a
low value is partially optically thick13CO(3Ð2) emission. How-
ever, our model should account for the opacity if the disk
were as smooth as assumed. We therefore conclude that the
GG Tauri disk and ring deviate signiÞcantly from the smooth,
nonstratiÞed, azimuthally symmetric structure we adopted.

Smoothness versus unresolved structures. The radial
proÞle (see the upper panels in Fig.3) of the observed molecu-
lar lines,12CO(3Ð2),13CO(3Ð2), and C18O(3Ð2) does not appear
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km s! 1. The median virial and stellar masses of OB-associations are M vir = 8 .9 × 105 and M st = 8 .1 × 103 M " ,
respectively. The median star-formation efficiency in parent giant molecular clouds appears to beε = 1 .2 per cent.
Gaia DR2 proper motions conÞrm the expansion in the Per OB1, Car OB1 and Sgr OB1 associations found earlier
with Gaia DR1 data. We also detect the expansion in Gem OB1, Ori OB1 and Sco OB1 associations which became
possible for the Þrst time now when analyzed with Gaia DR2 proper motions. The analysis of the distribution of
OB-stars in the Per OB1 association shows the presence of a shell-like structure with the radius of 40 pc. Probably,
the expansion of the Per OB1 association started with the velocity greater than the present-day expansion velocity
equal to 5.0± 1.7 km s! 1.
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We investigate the turbulence driving mode of ionizing radiation from massive stars on the surrounding interstellar
medium (ISM). We run hydrodynamical simulations of a turbul ent cloud impinged by a plane-parallel ionization front.
We Þnd that the ionizing radiation forms pillars of neutral gas reminiscent of those seen in observations. We quantify
the driving mode of the turbulence in the neutral gas by calculating the driving parameter b, which is characterised by
the relation σ2

s = ln(1 + b2M 2) between the variance of the logarithmic density contrastσ2
s (where s = ln( ρ/ ρ0) with

the gas densityρ and its averageρ0), and the turbulent Mach number M . Previous works have shown thatb∼ 1/ 3
indicates solenoidal (divergence-free) driving andb∼ 1 indicates compressive (curl-free) driving, withb∼ 1 producing
up to ten times higher star formation rates than b∼ 1/ 3. The time variation of b in our study allows us to infer that
ionizing radiation is inherently a compressive turbulencedriving source, with a time-averagedb ∼ 0.76 ± 0.08. We
also investigate the value ofb of the pillars, where star formation is expected to occur, and Þnd that the pillars are
characterised by a natural mixture of both solenoidal and compressive turbulent modes (b ∼ 0.4) when they form,
and later evolve into a more compressive turbulent state with b∼ 0.5Ð0.6. A virial parameter analysis of the pillar
regions supports this conclusion. This indicates that ionizing radiation from massive stars may be able to trigger star
formation by producing predominately compressive turbulent gas in the pillars.
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We wish to perform a statistical study of the location and motion of individual 22 GHz water maser cloudlets,
characterized by sizes that are within a few au, with respectto the radio thermal emission from young stellar objects
(YSO). For this purpose, we have been carrying out the Protostellar Outßows at the EarliesT Stages (POETS)
survey of a sample (38) of high-mass YSOs. The water maser positions and three-dimensional (3D) velocities were
determined through Very Long Baseline Array observations with accuracies of a few milliarcsec (mas) and a few
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km s−1, respectively. The position of the ionized core of the protostellar wind, marking the YSO, was determined
through sensitive continuum Jansky Very Large Array observations with a typical error of 20 mas. The statistic of the
separation of the water masers from the radio continuum shows that 84% of the masers are found within 1000 au from
the YSO and 45% of them are within 200 au. Therefore, we can conclude that the 22 GHz water masers are a reliable
proxy for the YSO position. The distribution of maser luminosity is strongly peaked towards low values, indicating that
about half of the maser population is still undetected with the current Very Long Baseline Interferometry detection
thresholds of 50–100 mJy beam−1. Next-generation, sensitive radio interferometers will exploit these weak masers for
an improved sampling of the velocity and magnetic fields around the YSOs. The average direction of the water maser
proper motions provides a statistically-significant estimate for the orientation of the jet emitted by the YSO: 55% of
the maser proper motions are directed on the sky within an angle of 30◦ from the jet axis. Finally, we show that our
measurements of 3D maser velocities statistically support models in which water maser emission arises from planar
shocks with propagation direction close to the plane of the sky.
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We use three dimensional simulations with coupled hydrodynamics and Monte Carlo radiative transfer to show that
shadows cast by the inner disc in broken circumbinary discs move within a confined range of position angles on the
outer disc. Over time, shadows appear to rock back and forth in azimuth as the inner disc precesses. The effect occurs
because the inner disc precesses around a vector that is not the angular momentum vector of the outer disc. We relate
our findings to recent observations of shadows in discs
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Episodic accretion constrained by a rich cluster of outflows
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The accretion history of protostars remains widely mysterious even though it represents one of the best ways to under-
stand the protostellar collapse that leads to the formation of stars. Molecular outflows are here used to characterize
the protostellar accretion phase in W43-MM1. The W43-MM1 protocluster host a sufficient number of protostars to
statistically investigate molecular outflows in a single, homogeneous region. We used the CO(2–1) and SiO(5–4) line
datacubes, taken as part of an ALMA mosaic with a 2000 AU resolution, to search for protostellar outflows, evaluate
the influence that the environment has on these outflows’ characteristics and put constraints on outflow variability
in W43-MM1. We discovered a rich cluster of 46 outflow lobes, driven by 27 protostars with masses of 1–100 M#.
The complex environment inside which these outflow lobes develop has a definite influence on their length, limiting
the validity of using outflows’ dynamical timescales as a proxy of the ejection timescale in clouds with high dynamics
and varying conditions. We performed a detailed study of Position-Velocity (PV) diagrams of outflows that revealed
clear events of episodic ejection. The time variability of W43-MM1 outflows is a general trend and is more generally
observed than in nearby, low- to intermediate-mass star-forming regions. The typical timescale found between two
ejecta, about 500 yr, is consistent with that found in nearby protostars. If ejection episodicity reflects variability
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km s! 1, respectively. The position of the ionized core of the protostellar wind, marking the YSO, was determined
through sensitive continuum Jansky Very Large Array observations with a typical error of 20 mas. The statistic of the
separation of the water masers from the radio continuum shows that 84% of the masers are found within 1000 au from
the YSO and 45% of them are within 200 au. Therefore, we can conclude that the 22 GHz water masers are a reliable
proxy for the YSO position. The distribution of maser lumino sity is strongly peaked towards low values, indicating that
about half of the maser population is still undetected with the current Very Long Baseline Interferometry detection
thresholds of 50Ð100 mJy beam! 1. Next-generation, sensitive radio interferometers will exploit these weak masers for
an improved sampling of the velocity and magnetic Þelds around the YSOs. The average direction of the water maser
proper motions provides a statistically-signiÞcant estimate for the orientation of the jet emitted by the YSO: 55% of
the maser proper motions are directed on the sky within an angle of 30" from the jet axis. Finally, we show that our
measurements of 3D maser velocities statistically supportmodels in which water maser emission arises from planar
shocks with propagation direction close to the plane of the sky.
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We use three dimensional simulations with coupled hydrodynamics and Monte Carlo radiative transfer to show that
shadows cast by the inner disc in broken circumbinary discs move within a conÞned range of position angles on the
outer disc. Over time, shadows appear to rock back and forth in azimuth as the inner disc precesses. The e! ect occurs
because the inner disc precesses around a vector that is not the angular momentum vector of the outer disc. We relate
our Þndings to recent observations of shadows in discs
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The accretion history of protostars remains widely mysterious even though it represents one of the best ways to under-
stand the protostellar collapse that leads to the formation of stars. Molecular outßows are here used to characterize
the protostellar accretion phase in W43-MM1. The W43-MM1 protocluster host a su" cient number of protostars to
statistically investigate molecular outßows in a single, homogeneous region. We used the CO(2Ð1) and SiO(5Ð4) line
datacubes, taken as part of an ALMA mosaic with a 2000 AU resolution, to search for protostellar outßows, evaluate
the inßuence that the environment has on these outßowsÕ characteristics and put constraints on outßow variability
in W43-MM1. We discovered a rich cluster of 46 outßow lobes, driven by 27 protostars with masses of 1Ð100M # .
The complex environment inside which these outßow lobes develop has a deÞnite inßuence on their length, limiting
the validity of using outßowsÕ dynamical timescales as a proxy of the ejection timescale in clouds with high dynamics
and varying conditions. We performed a detailed study of Position-Velocity (PV) diagrams of outßows that revealed
clear events of episodic ejection. The time variability of W43-MM1 outßows is a general trend and is more generally
observed than in nearby, low- to intermediate-mass star-forming regions. The typical timescale found between two
ejecta, about 500 yr, is consistent with that found in nearby protostars. If ejection episodicity reßects variability
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Figure 1. Rocking shadows in broken circumbinary discs over one precession period of the inner disc, assuming a binary orbital plane misaligned to outer
disc by 60 degrees. Observer is face-on to the outer disc. Upper row: column density. Middle row: synthetic scattered light images. White arrows indicate
instantaneous direction of motion of the shadow and the grey circle in Þrst panel shows simulated beam width of 15mas. Lower row: CO (3-2) Moment 1 map.
Times shown in panels correspond to dotted lines in Figures2 and the panels in Figure3. All panels are shown on the same spatial scale, indicated in the
right-most panel of each row.

binary and disc mass, these initial parameters are almost identical
to F18. We model the disc using1! 106 particles, corresponding to
more than one smoothing length per scale-height (Figure 1,F18).

We assume radiative equilibrium. That is, we neglect time de-
pendence in the radiative transfer and assume that absorbed energy
is instantly re-emitted. To illuminate the disc and set the temper-
ature, we update the temperature from!"#$%&every 0.707! the
binary orbit (so that the stars are not in the same position each
time). We use108 photon packets on a Voronoi mesh built around
the SPH particles. We compute the luminosity of the stars assuming
a 3 Myr isochrone fromSiess et al.(2000), with corresponding tem-
peratures ofT1 = 4262K andT2 = 2948K and using their updated
masses from the simulation. As the observational signatures we are
looking for are predominantly in scattered light, we do not include
dust in the'()*&$! simulations. Instead, we simply assume that
the dust and gas are in thermal equilibrium and a constant gas/dust
ratio of 100. The dust grains are spherical and homogeneous, with
an opacity that is independent of temperature. The dust grains are
distributed across 100 grain sizes between 0.03 and 1000µm with
a power-law exponent of -3.5 (Mathis et al.1977). To calculate the
moment maps we assume a uniform CO-to-H2 ratio of1 ! 10" 6.

We start with the binary and disc angular momentum vectors
aligned and allow the disc to evolve until the temperature structure
(indicated byH/ R) reaches a steady state. For our parameters, this
corresponds to# 280binary orbits. The gas disc was then rotated
through a misalignment of60$ and the evolution continued for a

subsequent 1500 binary orbits. We then use!"#$%&to calculate the
synthetic scattered light images at1.6µm from various snapshots of
the simulation in post-processing (assuming the stellar parameters
above). The scattered light images assume a distance of 150pc and
that the plane of the outer disc is aligned with the plane of the sky.
We convolve the images with a 2D Gaussian using a small beam
of 15mas as our system is quite compact (but this choice does not
a! ect the evolution of the shadows).

To measure the position of the shadows we azimuthally binned
the ßux proÞle near the inner edge of the outer disc between 8 and
10 au for each scattered light image (e.g. in the middle panel of
Figure1). We then normalise this azimuthal proÞle by its maximum
and identify the location of the shadows by measuring the positions
of the local minima.

3 RESULTS

The upper row of Figure1 shows the time evolution of column
density over one precession period. FollowingF18, we Þnd that the
misaligned binary causes the disc to break into an inner and outer
disc that di! erentially precess. Our disc evolution is similar toF18,
but takes longer to break due to the lower mass ratio (about 250 orbits
once the disc is misaligned to the binary). The upper and middle
panels of Figure2 shows the evolution of the disc over 400 to 1200
binary orbits. We Þnd a smaller maximum relative misalignment as

MNRAS 000, 1Ð5 (2020)
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in the accretion process, either protostellar accretion ismore variable or episodicity is easier to detect in high-mass
star-forming regions than in nearby clouds. The timescale found between accretion events could be resulting from disk
instabilities, associated with bursts of inßowing gas arising from the dynamical environment of high-mass star-forming
cores.
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GG Tau A: gas properties and dynamics from the cavity to the ou ter disk
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GG Tau A is the prototype of a young triple T Tauri star that is s urrounded by a massive and extended Keplerian
outer disk. The central cavity is not devoid of gas and dust and at least GG Tau Aa exhibits its own disk of gas and
dust emitting at millimeter wavelengths. Its observed properties make this source an ideal laboratory for investigating
planet formation in young multiple solar-type stars. We used new ALMA 13CO(3Ð2) and C18O(3Ð2) observations
obtained at high angular resolution (∼ 0.2′′) together with previous CO(3Ð2) and (6Ð5) ALMA data and continuum
maps at 1.3 and 0.8 mm in order to determine the gas properties(temperature, density, and kinematics) in the cavity
and to a lesser extent in the outer disk.
By deprojecting, we studied the radial and azimuthal gas distribution and its kinematics. We also applied a new method
to improve the deconvolution of the CO data and in particular better quantify the emission from gas inside the cavity.
We perform local nonlocal thermodynamic equilibrium studies in order to determine the excitation conditions and
relevant physical parameters inside the ring and in the central cavity.
Residual emission after removing a smooth-disk model indicates unresolved structures at our angular resolution,
probably in the form of irregular rings or spirals. The outer disk is cold, with a temperature < 20K beyond 250 au
that drops quickly ( ∝ r−1). The kinematics of the gas inside the cavity reveals infallmotions at about 10% of the
Keplerian speed. We derive the amount of gas in the cavity, and Þnd that the brightest clumps, which contain about
10% of this mass, have kinetic temperatures40 − 80K, CO column densities of a few1017 cm−2, and H2 densities
around 107 cm−3.
Although the gas in the cavity is only a small fraction of the disk mass, the mass accretion rate throughout the cavity
is comparable to or higher than the stellar accretion rate. It is accordingly su" cient to sustain the circumstellar disks
on a long timescale.
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ALMA high angular resolution observations of the dust and CO emission have already revealed signatures of proto-
planets embedded in protoplanetary disks. These detections are around single T Tauri stars while exo-planet surveys
reveal that planets can also form in binary (or multiple) systems, either in circumstellar or circumbinary orbits. We
searched for indirect evidence for planet formation in the multiple system GG Tau A that harbors the most massive
circumbinary disk among T Tauri stars.
We performed CO(2Ð1) ALMA Cycle 6 observations of GG Tau A at 0.3!! resolution. The images conÞrm the Òhot
spotÓ detected at higher frequencies, but also reveal prominent spiral-like features. We model these features by using
the analytic prescription for the linear perturbation regi me induced by low-mass planets.
The brightest spiral is well reproduced by a density wave excited by a protoplanet (GG Tau Ac) at the hot-spot
location (290 au), just outside the dust ring. The absence ofa clear gap (in gas or dust) at the planet location implies
that its mass is signiÞcantly lower than that of Jupiter, i.e. of the order of the mass of Neptune or less. Furthermore,
other prominent (trailing) spiral patterns can be represented by adding one (or more) planet(s) at larger orbital radii ,
with the most obvious candidate located near the 2:1 mean-motion resonance with GG Tau Ac.
The (proto-)planet GG Tau Ac appears to externally conÞne the ring in a stable conÞguration, explaining its high
mass. Our results also suggest that planets similar in mass to Neptune may form in dense circumbinary disks orbiting
(wide) binary stars. In the GG Tau case, orbital resonances appear to play an important role in shaping this multiple
circumbinary planet system.
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The composition of a protoplanetary disk is set by a combination of interstellar inheritance and gas and grain surface
chemical reactions within the disk. The survival of inherited molecules, as well as the disk in situ chemistry depends
on the local temperature, density and irradiation environment, which can change over time due to stellar and disk
evolution, as well as transport in the disk. We address one aspect of this coupling between the physical and chemical
evolution in disks by following accretion streamlines of gas and small grains in the disk midplane, while simultaneously
taking the evolving star into account. This approach is computationally e " cient and enables us to take into account
changing physical conditions without reducing the chemical network. We Þnd that many species are enhanced in the
inner disk midplane in the dynamic model due to inward transport of cosmic-ray driven chemical products, resulting
in, e.g., orders-of magnitude hydrocarbon enhancements at1 au, compared to a static disk. For several other chemical
families, there is no di! erence between the static and dynamic models, indicative of a robust chemical reset, while yet
others show di! erences between static and dynamic models that depend on complex interactions between physics and
chemistry during the inward track. The importance of coupling dynamics and chemistry when modeling the chemical
evolution of protoplanetary disks is thus depends on what chemistry is of interest.
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N. T. Phuong et al.: Planet-induced spirals in the circumbinary disk of GG Tauri A

Fig. 4. Spirals induced by the three putative planets, GG Tau Ac (black), GG Tau Ad (cyan), and GG Tau Ae (blue). The white ellipses indicate
the approximate inner and outer edge of the dust ring. The peak brightness has been multiplied by

!
r and the color scale is saturated to optimize

the visibility of spiral patterns. Contours are given where the color is saturated.

and are therefore more e! cient in halting inward migration, the
stability of GG Tau Ae may nevertheless be reinforced by the 3:2
resonance with the second planet GG Tau Ad. This resonance is
by far the most frequent resonant conÞguration observed among
Kepler multiple exoplanet systems (Fabrycky et al.2014).

Pierens & Nelson(2013) also reported that a planetary con-
Þguration similar to the observed one is stable only if the outer
planet(s) are less massive than the inner one. The lack of clear
gaps in the gas distribution at radii of 450 au and 600 au is also
compatible with this constraint.

In conclusion, GG Tau A appears as an extraordinary hierar-
chical system surrounded by one or more CB planets in resonant
orbits. Such a complex and rich system might partially result
from gravitational instabilities and clearly opens many questions
about planet formation in multiple systems at large distance from
the central star.
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ALMA high angular resolution observations of the dust and CO emission have already revealed signatures of proto-
planets embedded in protoplanetary disks. These detections are around single T Tauri stars while exo-planet surveys
reveal that planets can also form in binary (or multiple) systems, either in circumstellar or circumbinary orbits. We
searched for indirect evidence for planet formation in the multiple system GG Tau A that harbors the most massive
circumbinary disk among T Tauri stars.
We performed CO(2Ð1) ALMA Cycle 6 observations of GG Tau A at 0.3!! resolution. The images conÞrm the Òhot
spotÓ detected at higher frequencies, but also reveal prominent spiral-like features. We model these features by using
the analytic prescription for the linear perturbation regi me induced by low-mass planets.
The brightest spiral is well reproduced by a density wave excited by a protoplanet (GG Tau Ac) at the hot-spot
location (290 au), just outside the dust ring. The absence ofa clear gap (in gas or dust) at the planet location implies
that its mass is signiÞcantly lower than that of Jupiter, i.e. of the order of the mass of Neptune or less. Furthermore,
other prominent (trailing) spiral patterns can be represented by adding one (or more) planet(s) at larger orbital radii ,
with the most obvious candidate located near the 2:1 mean-motion resonance with GG Tau Ac.
The (proto-)planet GG Tau Ac appears to externally conÞne the ring in a stable conÞguration, explaining its high
mass. Our results also suggest that planets similar in mass to Neptune may form in dense circumbinary disks orbiting
(wide) binary stars. In the GG Tau case, orbital resonances appear to play an important role in shaping this multiple
circumbinary planet system.
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The composition of a protoplanetary disk is set by a combination of interstellar inheritance and gas and grain surface
chemical reactions within the disk. The survival of inherited molecules, as well as the disk in situ chemistry depends
on the local temperature, density and irradiation environment, which can change over time due to stellar and disk
evolution, as well as transport in the disk. We address one aspect of this coupling between the physical and chemical
evolution in disks by following accretion streamlines of gas and small grains in the disk midplane, while simultaneously
taking the evolving star into account. This approach is computationally e " cient and enables us to take into account
changing physical conditions without reducing the chemical network. We Þnd that many species are enhanced in the
inner disk midplane in the dynamic model due to inward transport of cosmic-ray driven chemical products, resulting
in, e.g., orders-of magnitude hydrocarbon enhancements at1 au, compared to a static disk. For several other chemical
families, there is no di! erence between the static and dynamic models, indicative of a robust chemical reset, while yet
others show di! erences between static and dynamic models that depend on complex interactions between physics and
chemistry during the inward track. The importance of coupling dynamics and chemistry when modeling the chemical
evolution of protoplanetary disks is thus depends on what chemistry is of interest.
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