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1. Introduction: the HD 169142 disk

★ Herbig A5Ve star  (1.7 Msun, d=117pc, 8.5 Myr)

★ ALMA 1.3 continuum + CO isotopologs (Fedele+ 2017):  
• double ringed continuum (20-35 and 56-83 au).
• gas density drop  at R< 56 au

★ Scattered light imaging
• dusty ring at 20 au (Quanz+ 2013, NACO)
• faint gap at 82-85 au (Pohl+ 2017, SPHERE) 
• structure inside the 20 au ring (Bertrang+ 2017, SPHERE) 

3. Gas density and temperature distribution: 
grid of power-law T and Σgas flat-disk models

ALMA,  1.3 mm 
(Fedele+ 2017)

12CO υ=1→0 P(6), P(10), P(12) 
12CO υ=2→1 P(4), P(7) 
13CO υ=1→0  R(2), R(0), P(2) 
C18O υ=1→0  R(7), R(1), P(1)

Bayesian probability diagrams of the free parameters 
of the grid (27000 models)

4.  Grid’s best fitting model

Warm gas in the inner 20 au of  the  
transition disk around HD 169142

SPHERE/ZIMPOL 
(Bertrang+ 2017)

HD169142 in the eyes of ZIMPOL/SPHERE 3

Figure 1. ZIMPOL/SPHERE PDI observations of HD169142 in VBB. Final Q' (a) and U' (b). The dashed line in (a) indicates
a 2� detection of a shallow and narrow gap which was first detected at millimeter wavelengths (Maćıas et al. 2017). In (c), we show
a zoom onto the ring of Q' where contour lines indicate 20%, 22.5%, and 25% levels of the peak flux. The filled arrow marks the dip
discussed in Section 3, and the hollow arrows mark the peaks discussed in Section 6. The stellar position is marked with a cross, the
green ellipse indicates the position of the protoplanet candidate (Biller et al. 2014; Ligi et al. 2018), and the white ellipse displays the
spatial resolution of this observation. (d) Superposition of Q' with contour lines of ALMA band 7 (880µm, beam size: 0.0014) continuum
data (archival data from program 2012.1.00799.S). All maps are displayed in r2 scaling, North is up and East is left.

Figure 3). The narrow ring (� ⇠ 0.00059 ; corresponding to ⇠
7 au) is surrounded by an elliptically shaped gap (P.A.=
5�, e ⇡ 0.5) which stretches from ⇠ 0.0025 (⇠ 29 au) to ⇠ 0.0038
(⇠ 45 au) which has been described so far, based on lower
resolution observations, as annular (Quanz et al. 2013). Out-
side of ⇠ 0.0047 (⇠ 55 au) the surface brightness of the disc
drops o↵, discontinued by a narrow annular brightness min-
imum at ⇠ 0.0063� 0.0074 (⇠ 74� 87 au) detected at a 2� level.
This shallow and narrow ring coincides with a gap found at
7mm and 9mm which is associated with the CO snowline
(Maćıas et al. 2017).

The bright inner ring is spatially resolved and appears
structured and circular (Figure 1), which is in contrast to

the elliptically shaped gap surrounding it. Its width (⇠ 7 au)
is similar to that reported by Maćıas et al. (2017) at 7mm
(8 au). We find a brightness dip at P.A.⇠ 50�. If this is the
same dip reported by Quanz et al. (2013) at ⇠ 80�, then the
orbital velocity of this feature is ⇠ 16 km/s. A dip with this
orbital velocity can be produced by a large structure in Ke-
plerian motion around the central star. An object such as a
jupiter-mass planet or a brown dwarf surrounded by a small
accretion disk at ⇠ 6 au from the central star is a possible
candidate for this speculative scenario (Canovas et al. 2016,
and references therein). Such an object would explain the
formation of the inner cavity in HD169142 and contribute
to the residual dust close to the central star which has not
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D. Fedele et al.: ALMA unveils rings and gaps in the protoplanetary system HD 169142: signatures of two giant protoplanets

Fig. 1. (left) ALMA 1.3 mm continuum map with Briggs weighting, robust=0.5, (center) overlaid with the position and size of the inner dust cavity
and gap and the position of the L

0-band point like feature. (right) NaCo H-band polarimetric di↵erential image (Quanz et al. 2013).

Fig. 2. (top) Integrated intensity maps (natural weighting) of 12CO (left), 13CO (center) and C18O (right) J = 2 � 1, (bottom) and overlaid with the
dust rings structure.
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What is the gas distribution inside 20 au ? 

2.  New data:  ESO/VLT CRIRES (R~90000) spectra 
of CO ro-vibrational emission at 4.7 μm 

★ 12CO v=1-0 (P6, P7, P9, P10, P12, P13, P15), 12CO v=2-1 (P3, P4, P6, P7, P9) 
13CO v=1-0 (R2, R0, P2, P4), C18O v=1-0 (R1, P1) lines detected at the stellar 
velocity (i.e. disk emission)

★ Sensitivity of the observations (1σ):  3x10-16 erg s-1 cm-2

★ Observations used AO (PSF-FWHM = 200 mas ~ 23 au)

• 12CO v=1-0 spatially resolved, emitting region 0.5 < R < 30 au
• 13CO v=1-0 emitted at R>10 au 
• 12CO v=2-1 emitted at R> 5 au

A. Carmona: Warm gas in the transition disk of HD 169142.
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12CO υ=2-1 flat disk model X2
red contour plots
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Fig. 4. Same as Figure 2 for 12CO � = 2 � 1.

5. Analysis

5.1. CO isotopologues emitting regions

The emitting regions of the 12CO � = 1 ! 0 , C13O � = 1 ! 0,
and 12CO � = 2 ! 1 lines were determined modeling the com-
posite line profile, SPP, PSF-FWHM, and photocenter with a flat
axisymmetric disk in Keplerian rotation. The model is described
in detail in Carmona et al. (2017), here provide a brief overview.
The model assumes that the intensity I is distributed with a de-
creasing power-law as a function of the radius with an exponent
↵, such that

I(R) = I0

 
R

Rin

!�↵
(1)

Here, I0 is the intensity at Rin (I0 is initially assumed equal to 1)
and the ↵ exponent is such that for a given pair of Rin and Rout
I(Rout) = 0.01 ⇥ Rin. We assumed a central star with mass of 1.7
M� and a disk inclination of 13� (see Table 1). We used a spec-
tral resolving power of 3.3 km s�1 and a PSF-FWHM of 202 mas
(23.5 au at 117 pc). The model takes into account the e↵ects of
the slit width (0.2”) and orientation (N/S). The final products of
a model are a 1D normalized spectrum with a continuum equal
to one and a line peak equal to the peak of the normalized com-
posite line profile observed, and a star + disk 2D spectrum with a
sampling in the velocity and spatial directions equal to that of the
CRIRES data. In the synthetic star + disk 2D spectrum the SPP,
the PSF-FWHM, and photocenter of the line are measured using
the same procedure as in the CRIRES data. For each model, a
reduced �2 statistic with 3 degrees of freedom is calculated in-
dependently for the line profile, the SPP, the photocenter, and the
PSF-FWHM.

For each of the CO isotopologues, we run a uniform grid
of models varying Rin from 0.1 to 45 au and Rout from 0.5 to

50 au. In the left panels of Figs. 2, 3, and 4, we display the
�2 contour plots for the composite line profile, the SPP, the
photocenter, and the PSF-FWHM for 12CO � = 1 ! 0 , C13O
� = 1 ! 0, and 12CO � = 2 ! 1 emission respectively. In
each �2 contour plot a cross indicates the model with smallest
�2, and a star symbol indicates a model that is able to describe
the composite line profile, the SPP, the photocenter and the
PSF-FWHM simultaneously for each isotopologue. Note that a
model able to describe all the observables simultaneously di↵ers
from the model with smallest �2 for each observable. The right
panels Figs. 2, 3, and 4 show in red, the line profile, the SPP,
the photocenter and the PSF-FWHM of the model together with
the observed data. In the following, paragraphs we discuss the
results for each isotopologue.

12
CO � = 1! 0

The line profile is best described by models with an inner
radius from 0.5 to 1 au and an outer radius ⇠30 au. The 12CO
� = 1 ! 0 emitting region is a compromise between the con-
straints of the di↵erent measurements. The line profile indicates
emission inside 1 au (models with Rin > 1 au have line profiles
with too weak emission at v > 7 km �1) and outer radius Rout
25�30 au For disks with Rin < 1 au the the SPP signal suggest
Rout between 15 au and 30 au and the Photocenter disks Rout
between 30 and 35 au. The PSF�FWHM is best described by
models Rin between 10 and 20 and Rout as large as 50 au, how-
ever, as previously said, those large Rin are not compatible with
the line profile. For models with Rin < 1 au, the PSF�FWHM
suggest Rout between 20 and 35 au. A model with Rin = 0.6 au
and Rout = 30 au provide a very good description of the line
profile and the spectroastrometry signatures observed altogether.

13
CO � = 1! 0

6

Warm CO down to 0.5 au (line wings) and least up to 
30 au (spectro-astrometry)

Composite Line Profile

-20 -10 0 10 20
Velocity [km/s]

0.96
0.98
1.00
1.02
1.04
1.06
1.08
1.10

No
rm

al
ize

d 
Fl

ux

X2
red= 0.26

SPP

-20 -10 0 10 20
Velocity [km/s]

-2

-1

0

1

2

[A
U]

X2
red= 0.45

Photocenter

-20 -10 0 10 20
Velocity [km/s]

-4

-2

0

2

4

[A
U]

X2
red= 0.35

PSF-FWHM

-20 -10 0 10 20
Velocity [km/s]

22

23

24

25

[A
U]

X2
red= 0.33

13CO υ=1-0  Rin= 18.0 AU   Rout= 30.0 AU

Model assumptions: LTE excitation, 12CO/13CO =100,  12CO/C18O = 690, 12CO/H2=10-4, 
dust optically thin at 4.7 micron at R<20 au, we allow Tvib>Trot at R≥Rcav

★ There is warm gas down to 0.5 au inside the 20 au dusty ring.

★ There is a gas density drop at  R ≤ 20 au. Σgas at R ≤ 20 au 
needs to be 10-5 ≤ Σgas ≤ 10-3 g cm-2 to describe simultaneously 
the 12CO, 13CO and C18O line profiles.  This column density is much lower 
than the extrapolated Σgas from ALMA CO observations at R>20 au.

★ The surface density profile at R ≤ 20 au is flat or increases with radius.

★ Tvib needs to be >1000 K (>3x Trot) at R>20 au to describe the strength  
of the 12CO v=2-1 lines.

6.  Conclusions

A. Carmona: Warm gas in the transition disk of HD 169142.

Grid of models assuming Tvib > Trot at R > Rcav

i) Probability histograms of the grid’s parameters
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ii) Grid’s best model:

Rcav= 20 au, NH (R= 1 au) = 1 ⇥ 1024 cm�2, �gas = 10�2, ↵NH inner = +1.0, ↵NH outer = �1.0,
T0 gas (R= 1 au) = 450 K, ↵Tgas = �0.15, Tvib (R= 20 au) = 1300 K, Tvib/Trot (R>20 au) = 5
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Fig. 5. Top panels: probability histograms of the free parameters of the grid with Tvib � Trot at R � Rcav. Bottom panels: surface density, gas
temperature, cumulative line flux with radius, and predicted CO ro-vibrational lines of the grid’s best model. Observed data are in black lines and
the model is in red. The dashed line shows the continuum plus 3�. The error bars are 1�. Line profiles computed take into account the slit e↵ects.
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Grid of models assuming Tvib > Trot at R > Rcav

i) Probability histograms of the grid’s parameters
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ii) Grid’s best model:

Rcav= 20 au, NH (R= 1 au) = 1 ⇥ 1024 cm�2, �gas = 10�2, ↵NH inner = +1.0, ↵NH outer = �1.0,
T0 gas (R= 1 au) = 450 K, ↵Tgas = �0.15, Tvib (R= 20 au) = 1300 K, Tvib/Trot (R>20 au) = 5
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Fig. 5. Top panels: probability histograms of the free parameters of the grid with Tvib � Trot at R � Rcav. Bottom panels: surface density, gas
temperature, cumulative line flux with radius, and predicted CO ro-vibrational lines of the grid’s best model. Observed data are in black lines and
the model is in red. The dashed line shows the continuum plus 3�. The error bars are 1�. Line profiles computed take into account the slit e↵ects.
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Grid of models assuming Tvib > Trot at R > Rcav

i) Probability histograms of the grid’s parameters
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ii) Grid’s best model:
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Fig. 5. Top panels: probability histograms of the free parameters of the grid with Tvib � Trot at R � Rcav. Bottom panels: surface density, gas
temperature, cumulative line flux with radius, and predicted CO ro-vibrational lines of the grid’s best model. Observed data are in black lines and
the model is in red. The dashed line shows the continuum plus 3�. The error bars are 1�. Line profiles computed take into account the slit e↵ects.
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Line Profile
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5

Notes:  SPP = Spread function Peak Position,  red lines: flat-Keplerian disk with a power-law intensity
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5.  Effects of a gas density drop and Tvib>Trot at Rcav

A. Carmona: Warm gas in the transition disk of HD 169142.

Table 4. Parameters of the best-fit grid model

Grid Rgap max �gas (R=Rcav) NH (R= 1.0 au) ↵NH inner (R<Rgap max) ↵NH outer (R> Rgap max) T0 (R= 1 au) ↵Tgas Tvib/Trot (R � Rcav)
[au] [cm�2] [K]

Tvib � Trot at Rcav 20 10�2 1025 +1.0 -1.0 450 -0.15 5

Exploration of free parameters of the grid around the best model

i) E↵ect of varying the depletion factor �gas and ↵NH inner
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ii) E↵ect of varying Tvib at R > Rcav

Gas column density
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iii) E↵ect of varying the cavity radius Rcav

Gas column density
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iv) E↵ect of varying NH at Rcav with a constant depletion factor �gas = 10
�2
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v) E↵ect of varying NH at Rcav setting �gas such that the surface density at R  Rcav is constant.
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vi) E↵ect of varying the exponent of the temperature ↵Tgas

Gas column density
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Fig. 6. Examples of models around the best solution of the grid by varying di↵erent free parameters.
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