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ABSTRACT

Context. Molecular line surveys are among the main tools to probe the structure and physical conditions in protoplanetary disks
(PPDs), the birthplace of planets. The large radial and vertical temperature as well as density gradients in these PPDs lead to a
complex chemical composition, making chemistry an important step to understand the variety of planetary systems.

Aims. We aimed to study the chemical content of the protoplanetary disk surrounding GG Tau A, a well-known triple T Tauri system.
Methods. We used NOEMA with the new correlator PolyFix to observe rotational lines at ~2.6 to 4 mm from a few dozen molecules.
We analysed the data with a radiative transfer code to derive molecular densities and the abundance relative to '*CO, which we
compare to those of the TMCI1 cloud and LkCa 15 disk.

Results. We report the first detection of CCS in PPDs. We also marginally detect OCS and find 16 other molecules in the GG Tauri
outer disk. Ten of them had been found previously, while seven others ('*CN, N,H*, HNC, DNC, HC;N, CCS, and C*S) are new
detections in this disk.

Conclusions. The analysis confirms that sulphur chemistry is not yet properly understood. The D/H ratio, derived from DCO*/HCO*,
DCN/HCN, and DNC/HNC ratios, points towards a low temperature chemistry. The detection of the rare species CCS confirms that

GG Tau is a good laboratory to study the protoplanetary disk chemistry, thanks to its large disk size and mass.

Key words. astrochemistry — molecular data — protoplanetary disks — stars: individual: GG Tau A

1. Introduction

The chemical content in a protoplanetary disk (PPD) is thought
to be a combination of parent cloud inheritances and the product
of in situ reactions. PPDs are flared and layered, displaying
important radial and vertical temperature and density gradients
that result in a complex chemical structure and evolution. Each
layer in the disk has conditions suitable for different chemi-
cal reactions, leading to different molecular abundances. For
example, photo sensitive molecules such as CN and CCH are
believed to probe the upper most layer which is directly irra-
diated by stellar UV; CO and its isotopologues arise from the

Article published by EDP Sciences

layer just below it, while molecules are frozen on the dust
grains (millimetre-sized) settled in the cold disk midplane. So
far, more than thirty molecules have been detected in PPDs (see
Phuong et al. 2018 for a list, and the more recent detections of
H,CS by Le Gal et al. 2019, DNC by Loomis et al. 2020, SO by
Riviere-Marichalar et al. 2020, and SO, by Booth et al. 2021).
In this Letter, we report the first deep survey of a PPD cover-
ing the 2.6 to 4.2 mm window, where fundamental transitions of
most simple molecules occur. We observed the GG Tau A system
with the NOEMA interferometer. GG Tau A is a triple T Tauri
system (Aa-Ab1/b2) with respective separations of 35 and 4.5 au
(Di Folco et al. 2014), located in the Taurus-Auriga star forming
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region (150 pc, Gaia Collaboration 2018). It is surrounded by a
large and massive Keplerian circumbinary (or ternary) disk with
an estimated mass (Mg =0.15 M) using dust properties that
are typically assumed for PPDs. The disk consists of a dense,
narrow (radius from ~180 to 260 au) ring that contains 70% of
the disk mass. Beyond the ring, the outer gas disk extends out to
~800 au. The temperature profile of the disk has been studied by
Dutrey et al. (2014a), Guilloteau et al. (1999), and Phuong et al.
(2020): the dust temperature is 14 K at 200 au, and the kinetic
temperature derived from CO analysis is ~25K at the same
radius. The large size, low temperature, and large mass make GG
Tau A disk an ideal laboratory to study cold molecular chemistry.

We present the observations and results in Sect. 2. Data anal-
ysis using the radiative transfer code DiskFit is presented in
Sect. 3. We then discuss the results in Sect. 4.

2. Observations and results
2.1. Observations

Observations were carried out using the NOEMA array between
Sep. 2019 and Apr. 2020 (Projects S19AZ and WI19AV).
Four frequency setups were used to cover the frequency range
70.5—-113.5 GHz. The PolyFix correlator covered the full band-
width of ~15 GHz at 2 MHz resolution (5-6.5km s~!, while the
total line width of GG Tau A is around 3.5kms™, see Fig. 1),
plus a large number of spectral windows with a 62.5 kHz channel
spacing (resolution 0.2—0.3 kms~!, comparable to the local ther-
mal linewidth in GG Tau), optimised to cover a maximum num-
ber of spectral lines. The phase calibrators used were J0440+146
and 0507+179. Flux calibration was done using MWC349 and
LkHal01. The standard pipeline in the CLIC package was used
for calibration, with minor data editing. Three setups cover-
ing [70.5-78; 86-93.5], [80.5-88; 96—103.5], and [90.5-98;
106.3—113.5] GHz used the C and D configuration, while the
band [88.8-96.5; 104.3—112] used the C and A configuration,
providing enhanced sensitivity and angular resolution in the
overlapping frequencies. In total, we covered at high spectral
resolution of 70 rotational lines of 38 molecular species.

2.2. Data reduction and imaging

We used the IMAGER' interferometric imaging package to pro-
duce images. Continuum removal was carried out by the subtrac-
tion of a zero-order frequency baseline for each visibility in the
uv plane. Various combinations of natural or robust weightings
were used in the image processing to highlight the image prop-
erties. Beam sizes and sensitivities are summarised in Table 1
for all of the detected molecules. We note that HC5;N and CCS
have faint lines coming from similar rotational levels and sim-
ilar line strengths: to illustrate their detection, lines from each
molecule were stacked in velocity to produce a single data set.
As synthesised beams exhibit significant sidelobes, deconvolu-
tion was done using the Hogbom method down to the rms noise.
Integrated spectra are shown in Fig. 1, and moment O maps are
shown in Figs. 2 and 3. To further enhance the S/N, we used
the Keplerian deprojection technique using kinematics and geo-
metrical parameters from Dutrey et al. (2014a), see Table 2. The
images are deprojected and the velocities were corrected from
the rotation pattern, thereby bringing all signals to the systemic
velocity (see Teague et al. 2016; Yen et al. 2016). The resulting
spectra and radius-velocity (RV) diagrams are shown in Figs. 4

! https://imager.oasu.u-bordeaux.fr/
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Fig. 1. Spectrum of each detected molecule, integrated in the area of
15” x 15” for lines with S /N > 5 and in the centre (central beam) of the
detection area for lines with S/N < 5. Some lines have been scaled up
by a factor (Xx) to give a better view.

Table 1. Obtained beam and noise of detected molecules.

Molecules Transition Frequency E,/k Beam (PA) Noise AV
(GHz)  (K) (mlyb™") (kms™)
CN N=1-0 113.144 54 34" x2.8"(38°) 4.1 0.17
HCN J=1-0 88.632 4.3 3.57x2.3"(18°) 1.7 0.21
HNC J=1-0 90.664 44 32" x2.07(18°%) 1.4 0.21
HCO* J=1-0 89.189 43 2.0"x1.2"(22°) 1.8 0.21
CS J=2-1 97.981 7.1 42" x3.2"(1°) 4.0 0.19
N,H* J=1-0 93.171 4.5 3.0” x2.5"(16°) 1.0 0.20
CCH N=1-0 87.317 4.2 3.0 x1.87(19°) 0.6 0.21
HBco* J=1-0 86.754 4.2 3.8”x25"(16°) 1.6 0.21
p-H,CO  1¢0,)—00p0  72.838 35 44”7 x28"(18°%) 2.0 0.25
0-H,CO  6(15—6316 101.333 575 5.0” x3.6”(0°) 4.0 0.18
J=8-7 72784  15.7
J=9-8 81.881 19.6
HC3N J=10-9 90.979  24.0 3.5 x2.2"(17°) 0.6 0.77
J=11-10 100.076  28.8
J=12-11 109.172 34.1
DCN J=1-0 72.414 35 437 x297(18°%) 1.5 0.78
DNC J=1-0 76.306 3.7 437 x297(18°%) 1.2 0.74
13cs J=2-1 92.494 6.7 3.0” x1.8"(18°%) 0.8 0.61
cHs J=2-1 96.413 6.7 49" x4.07(0°) 2.5 0.20
BCN N=1-0 108.056 5.2 23" x1.3”(15°) 2.0 0.34
(6-5, 7-6) 81.505 154
CCS (7-6,8-7) 93870 199 3.5” x1.9”(14°) 1.0 0.60
(8-7,7-6)  99.866  28.1

and E.1. The ‘teardrop’ pattern (Teague 2019) expected for Kep-
lerian disks transformed into ‘Eiffel tower’-like plots, because of
the lack of emission from the tidal cavity of GG Tau A. Radial
profiles of the line peak brightness are displayed in Appendix C.

2.3. Results

Among the 38 molecules which were observed in the survey, 17
are detected, including '3CO and C'®0, which we do not present
in this Letter. The high resolution maps of these two molecules
can be found in Phuong et al. (2020).
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Fig. 2. From left to right, top to bottom: integrated intensity map of HCO*(1-0), CS(2—1), CN(1-0), HCN(1-0), HNC(1-0), N,H*, CCH, and
H'3CO* (1-0). The white ellipses mark the approximate inner and outer edges of the dust ring at 180 au and 260 au, respectively. The beam size
is indicated in the lower left corner and the colour scale is on the right is units of Jy beam™' kms~!. The intensity was integrated in the velocity
range from 4.0 to 9.0 km s~! with the threshold of 3¢~. Contour levels are spaced by 5o in the maps of HCO* and CS(2-1), and 30 in the maps of

CN, HCN, HNC, N,H*, CCH, and H*CO* (1-0).
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Fig. 3. Same as Fig. 2, but for H,CO and HC;N, respectively. The con-
tour levels are spaced by 20

The CN, HCN, HNC, HCO*, CS, N,H*, and CCH lines were
detected at high S/N, as it can be seen in Fig. 2. All lines appear
optically thin, as illustrated by the hyperfine ratios of HCN, CN,
CCH, and N,H* (see Fig. E.1), and also by the peak brightness
of HCO* (5.5K).

Some molecules observed with a sufficiently high angular
resolution (HCO™, HCN, and N,H*) display a clear east-west
asymmetry. In a tilted Keplerian disk, the maximum opacity
was obtained along the major axis, resulting in two symmetric
peaks. The observed asymmetry is most obvious in HCO*, sug-
gesting that it is related to the ‘hot spot’ detected at PA 120°
(Dutrey et al. 2014a; Tang et al. 2016; Phuong et al. 2020). Fur-
thermore, CCH may also be enhanced there, while the HNC map
suggests a (marginal) deficit at this position.

The apparent peak towards GG Tau for CN and CS emission
is due to the lower angular resolution of these data. Their RV dia-
grams (Figs. 4 and E.1) clearly show that no emission is coming
from inside about 200 au.

As is shown in Figs. 2-4, H'*CO*, para-H,CO, HC;3N, and
C3*S molecules have been detected with moderate S/N. The RV
diagrams show that H'3CO* and N,H* are more prominent in
the dense ring, while CCH and H,CO come only from the outer
disk, beyond 300 au out to about 600 au (see Fig. E.1). The non-
detection of the 0-H,CO 6(; 5)—6(1 6) transition is consistent with
the expected temperature and an ortho-para ratio of 3.

The DNC, 13CS, 3CN, and CCS lines have been detected at
low S/N (~6—80). Since the data are very noisy, in Fig. 4, we

Table 2. GG Tau parameters.

Geometry Law
Inclination 35° V(r) = 3.4( 1063u )05 (kms™")
Orientation 70 () =T, (zoéau )10 X)

Systemic velocity ~ 6.4kms™  E(r) = Zs5 (g50) 7" (cm™2)

Notes. The inner and outer radii are 180 and 600au for detected
molecules, respectively, and 800 au for undetected molecules.

have chosen to only present their integrated spectra (top) and the
RV diagram (bottom) obtained after Keplerian velocity correc-
tion, which best illustrate the detectability.

Regarding the undetected molecules list, we may have
marginal detections (~2—307) of OCS, and perhaps DCO* and
DCN. However, could not detect >*C!70, N,D*, H3CN, HC"N,
HN'3C, H'NC, HOC*, HCNH*, HCCCHO, SO, SO,, H,CS,
SiO, CCD, HDO, D,CO, ¢-C3H,, or CH3CN molecules.

3. Radiative transfer modelling with DiskFit

The data were compared in the uv-plane with visibilities pre-
dicted for a disk model using the radiative transfer code DiskFit
(Piétu et al. 2007). A description of DiskFit usage for GG Tau
can be found in the appendix of Phuong et al. (2020).

The geometric parameters (inclination, orientation) and the
physical power laws (velocity and temperature), derived from
previous papers, are given in Table 2. As in Phuong et al. (2018),
we kept the velocity and temperature laws as well as the power
index (p = 1.5) of the molecular surface density fixed. Only
2550, the value of the molecular surface density at 250 au, was
left free and varied during the minimisation process.

We assumed that all molecules, except sulphur-bearing
species, arise from the same layer as CO, so that they share
the same temperature profile, T(r) = 25(r/200 au) 0K,
Following Dutrey et al. (2017) on the Flying Saucer edge-on
disk, CS arises from the lower part of the molecular layer, closest
to the disk midplane. We thus decided to analyse sulphur-bearing
species with a lower temperature, namely the temperature profile
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Table 4. Molecular abundance with respect to '3CO: 10° X (X01/X13¢0)-

Molecules Surface density ~ Molecules Surface density

(cm™) (cm™)
3co D 1.10 x 1016 ® CS D (26+0.03)x 10"
c'%0 D 242 x 105 ® 3¢cs D (26+0.7)x 10"
B¢l U <12x 10" CcCs D (1.5+0.2)x 102
CN D (7.7+0.1)x 10" OCS M (45+23)x10"
BCN D (28=%1.1)x10? p/o-H,CS U <82x103/53x10'?
CCH D (6.8+0.1)x10"3 SO U <4.5x 10"
N,H* D (1.2+0.1)x 10" SO, U <5.0x 102
N,D* U <1.3x 10" Si0 U <4.5x 10"
HCN D (6.70 +0.04) x 10'? DCN M (1.9+1.2)x 10"
H3CN U <1.6x 10" CCh U <1.0x 10"
HCPN U <29 x 10" HDO U <1.9x 10'0
HNC D (3.4+0.03)x10'? DNC D (2.7+0.7) x 10!
HN'3C U <1.7 x 10" D,CO U <1.6x 100
HCO* D (1.50+0.01)x 10 DCO* M (22+0.7) x 101
H3CO* D (40+02)x10'"" p-H,CO D  (3.6+02)x10"?
HOC* U <3.2x 10" cC3H, U <1.0x 10"
HCNH* U <22x 101 HC;N D (54+1.1)x 10"
HCCCHO U <1.4x 10" CH;CN U <2.5x 10!
c*#s D (1.0+0.1)x 10"

Mol. TMC-1 LkCal5  GGTau Mol. TMC-1 LkCal5 GG Tau
c'8o LIx10*M 28x104D 22x10* C34s 10+1
CN 2250 () 31008 66030 CS 1500 5208 230 + 10
13eN 25+10 13cs 1@ 2800 22406
CCH 5960 ) 1200 ®) 600+30 CCS 2404 13+£2
NoH* 7680 (D 1900 105+£05 ocs 15000 . 0.4+0.2
HCN 1500 300® 57+3 DCN 220 750 1.6+1.0
HNC 1500 29+2 DNC 124© 350 23+1.1
HCO* 5962 350® 125+5 DCO* 30 450D 3540203
H3co* 8.3 50012 34+02

H,CO 1500 @ 13.6© 33x2® HC3N 473@ 7302 46109

Notes. ®For para-H,CO only in GG Tau. Since estimating the uncer-
tainties from all of these different studies was very difficult, we do not

quote them for TMC1 and LkCal5.

Notes. The temperature uncertainty only affects the derived densities by
factors smaller than 2. D = detected, U = undetected, and M = marginal
detected Ty = 15K for S-bearing species, and T, =25K for all other
molecules. ¥ The values are taken from Phuong et al. (2020).

derived from dust emission at millimetre wavelengths (T'(r) =
15 (r/200 au)~'Y K, Dutrey et al. 2014a). Because optically thin
1-0 line intensities scale roughly as /T above 10 K, the temper-
ature spread due to the specific molecular layer can only affect
the derived surface density by a factor of 2 at most. The fac-
tor is even smaller for heavier molecules such as CCS, HC3N,
and OCS, since the observed lines are close to the brightest ones
expected at these temperatures. The molecular surface densities
are given in Table 3, with 30~ upper limits for non-detections.
Assuming an exponent p = 1 only changes the surface densities
by less than 30% (see Table B.1).
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4. Discussion
4.1. Sulphur in protoplanetary disk: First detection of CCS

Beyond CS, only a few S-bearing species observed in molecular
clouds are detected in disks: H,S (Phuong et al. 2018), H,CS
(Le Gal et al. 2019), SO (Riviere-Marichalar et al. 2020), and
SO, (although in a very atypical, warm disk, Booth et al. 2021).
In the GG Tau ring, we detected CCS, '3CS, and C**S but failed
to detect H,CS, SO, and SO,. Though OCS may be marginally
detected, however (see appendix).

The CCS surface density measured in the GG Tau ring,
(1.5+0.2)x 102 cm™2, is of the order of the best previously
reported upper limits in TTS and HAe disks. Using the IRAM
array, Chapillon et al. (2012) reported upper limits (at 300 au)
of (0.9-1.4) x 102cm™2 in LkCa 15, GO Tau, DM Tau, and
MWC 480 disks, while Le Gal & MAPS Collaboration (2021)
through the ALMA Large Program MAPs, obtained limits
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in the range 10'>~10"* cm=2 for IM Lup, GM Aur, AS 209,
HD 163296, and MWC 480 disks. It is also consistent with
our previous upper limit of <1.7x10”cm™2 in GG Tau
(Phuong et al. 2018).

Using Nautilus, a three phase gas-grain chemical model
(Ruaud et al. 2016), Phuong et al. (2018) modelled the chemistry
in the GG Tau ring. They predicted a CCS surface density of
7.2 x 10%cm™2 at 250 au, a factor 20 lower than the observed
value. Our new upper limits of SO and SO, are comparable with
the previous ones and are still in reasonable agreement with the
chemical model presented in Phuong et al. (2018). This model
is also compatible with our detection of HC3;N, which was not
detected by Phuong et al. (2018). However, for H,S, Phuong et al.
(2018) predicted a surface density of 3.4 x 10'3 cm™2 a factor 100
larger than what was observed. They conclude that H,S is likely
transformed in more complex species at grain surfaces, precluding
any thermal desorption. The failure to predict CCS further sup-
ports the idea of an incomplete handling of the complex sulphur
chemistry in disk chemical models, in addition to the difficulty of
estimating the amount of sulphur depletion in refractory materials
in grains prior to disk formation.

4.2. Comparison with TMC1 and LkCa15

Table 4 is a comparison of molecular abundances relative to
13CO with the TMC1 dark cloud and the transition disk (cav-
ity of radius 50 au Piétu et al. 2007) of LkCa 15, a T Tauri
star with a disk mass ~0.028 M, (Guilloteau et al. 2011). For
GG Tau A, we used a >CO column density of o590 = 1.1 X
10" cm=2 (Phuong et al. 2020), while for LkCa 15 we used
~3.6 x 10" cm™? (Piétu et al. 2007).

For TMC-1, we used ~1.1 x 10%cm™2, following
Cernicharo et al. (2021). Relative abundances were then calcu-
lated using different studies. At first order, these abundances (and
the observed D/H ratios, see Appendix A) suggest that the GG
Tau and LkCa 15 disks share similar chemical properties. We
note however that the radical abundances (CN and CCH) are
somewhat lower towards GG Tau, perhaps because the GG Tau
dense ring is shadowing the outer disk, reducing the UV flux.

Sulphur-bearing species. The CS/C3*S ratio, 25 + 3, is com-
patible with solar isotopic ratios and optically thin CS (2—1) emis-
sion. Despite limited S/N, the CCS emission (Fig. 4) seems to arise
from the dense ring, as for H,S (Phuong et al. 2018). We find that
CS/CCS ~17 is similar to the CS/H;S ratio (Phuong et al. 2018),
and somewhat higher than the value reported in TMC1 (~6.3,
Cernicharo et al. 2021). Moreover, we observe 3CS/'2CS ~0.01,
while Le Gal et al. (2019) found 0.015 in LkCa 15.

CCS can form via three routes. The first route being
S*+C,H, - HCCS*+H and HCCS*+e — CCS+H and the sec-
ond one being CCH+S — CCS+H, which are exothermic and
free of reaction barriers, play important roles in the sul-
phur chemistry in molecular clouds, while the third route
CH+CS — CCS+H is the main production pathway. Sakai et al.
(2007) reported '*CCS/C'3CS ~ 4 in TMC-1 and L1521E, indi-
cating that the two carbon atoms making up CCS are not equiv-
alent and have to come from different molecular species or non-
equivalent positions of a single molecule (e.g. HC3N, CCH, c-
C;3H,, Cs3S, and C4H, Takano et al. 1990; Sakai et al. 2010a,b;
Yoshida et al. 2015). After formation, CCS can be a precursor
of CS via several reactions (Vastel et al. 2018; Semenov et al.
2018). In the outer region of a protoplanetary disk, the sul-
phur chemistry starts with the S* ion, the least efficient forma-
tion route of CCS. This probably makes the molecule in PPDs
much less abundant than in molecular clouds.

The angular resolution of these data is insufficient for proper
comparisons with a chemical model and the determination of
radial variations, although physical conditions in the dense ring
and the outer disk are known to be different (Phuong et al. 2020).
Such comparisons would require high angular resolution images,
but this is a challenging task given the low frequencies at which
heavy molecules such as CCS or OCS have their peak emission
at temperatures of 15-25 K or below. Nevertheless, the detection
of a new rare species, CCS, in the dense ring of GG Tau confirms
it is a good laboratory to study the cold PPD chemistry, thanks
to its large size and mass.
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Appendix A: Deuterated species

All D/H ratios (Fig. A.1) are very similar (within the error bars)
and around 0.01-0.05. As already quoted by several studies,
such values are in agreement with dark cloud measurements and
consistent with a low temperature chemistry (e.g. Phuong et al.
2018; van Dishoeck et al. 2003; Bergin et al. 2013; Dutrey et al.
2014b; Huang et al. 2017; Aikawa et al. 2018).

. DCO+/HCO+ DCN/HCN DNC/HNC -
0.1 | .
0.05 |- .
Y ]

0 | |
TMC—1 LkCa 15 GG Tau

Fig. A.1. D/H ratios in TMC-1, LkCa 15, and GG Tau A.

Appendix B: Molecular surface density derived with
power index of p = 1.0 for surface density law

Table B.1. Molecular surface density at 250 au assuming p = 1.

Molecules Surface density Molecules Surface density
(cm™?) (cm™?)
Bco D 1.10x 100 * CS D (1.97+0.02) 10"
c% D 242x10%* 3¢S D (2.0+05)10"
Bcl0 U <2.1108 CCS D (9.0+0.5)10"
CN D (7.0+0.2)10" OCS M  (1.3+04)10"
BCN D (21+0.8)10"” p/o-H,CS U <7.310'3/3.710"
CCH D (5.0+0.1)10" SO U <2.810"
N,H* D (8.4 +0.7)10" SO, U <1910
N,D* U <2.010'0 Sio U <3.310!
HCN D (489+0.03)10”2 DCN M (1.2+0.8)10"
HBCN U < 1.1101 CCD U <7.3510"
HCSN U <2.010M HDO U <2210M
HNC D (247+0.02)10'> DNC D (20x05)10"
sHN3C U < 1.310" D,CO U <2.510°
HCO* D (1.10+0.03)10'* DCO* M (1.6+0.5)10"
HB3CO* D (28+02)10'"" p-H,CO D (2.6+0.1)10"
HOC* U <1910 cCH, U <9.710"
HCNH* U <1510 HGN D (35+12)10"
HCCCHO U < 13107 CH;CN U <2.2101
Cc*s D (7.7+0.8)10'"

Notes. D=detected, U=undetected, and M=marginal detected 7y = 15K
for S-bearing species, and T, =25 K for all other molecules. *The values
are taken from Phuong et al. (2020).
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Appendix C: Radial profiles
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Fig. C.1. Radial profiles of brightness temperature at systemic velocity
of 6.4kms™! of molecular lines detected at SNR>5.

Appendix D: Radial-velocity diagram of OCS
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Fig. D.1. Integrated spectra (top) and radial-velocity diagram (bottom)
of OCS obtained after making a Keplerian velocity correction and line
stacking.
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Appendix E: Radial-velocity diagrams of other detected molecules
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Fig. E.1. Top: Integrated spectra of CN, HCO*, HCN, N,H*, HNC, CCH, H"CO*, H,CO, and HC;N (with Gaussian fits, including hyperfine

structure when needed, in red). The values indicate the fit results. Bottom: Corresponding radial-velocity diagram obtained after making Keplerian
velocity correction and line stacking.
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