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Abstract 

 
In questa proposta si richiede un finanziamento integrativo alle attività di ricerca nel campo dello               
studio dei dischi protoplanetari attualmente inserite nel Progetto Premiale FRONTIERA          
(Fostering high ResolutiON Technology and Innovation for Exoplanets and Research in           
Astrophysics, P.I. Isabella Pagano) come parte del WP4.5 ‘Disks and Jets’ . I ricercatori              
coinvolti fanno anche parte della collaborazione JEDI (JEts & Disks@INAF) creata nell’ambito            
del progetto PRIN-INAF 2013 ‘Disks, jets and the dawn of planets’ (PI Brunella Nisini). Lo studio                
dei dischi è diventato negli ultimi anni un tema molto caldo dell’astrofisica dato il ruolo chiave,                
ormai universalmente riconosciuto, che essi giocano nel processo di formazione dei pianeti.            
Parallelamente, l’affermazione internazionale di ricercatori INAF che lavorano in questo campo           
e che partecipano a questo bando è cresciuta esponenzialmente negli ultimi dieci anni, grazie              
anche alla forte sinergia tra competenze scientifiche diverse ed utilizzo di strumentazione            
all’avanguardia in cui INAF è direttamente coinvolto, anche con programmi di tempo garantito             
(e.g. SPHERE, ALMA, X-Shooter, LBT). Il progetto FRONTIERA, a causa del taglio del 60%              
rispetto alla iniziale richiesta, è stato utilizzato in pratica solo per contratti per il personale, a                
scapito delle richieste per missioni e hardware. Si richiede quindi un intervento integrativo che              
avrà lo scopo di garantire il livello di eccellenza sin qui acquisito sui progetti presenti e futuri su                  
cui il team sta già attivamente collaborando. 
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The first 100 protoplanetary disks in PDI

Nearly 100 disks observed in NIR between 2010 and 2019!
(HiCiao, NACO, GPI, MagAO, SPHERE papers…) !

!
Most obvious finding.!

Disks often (always?) host sub-structures.!
!

Key-questions.!
What is their relation with the planet formation?!

Do they scale with other properties?!
How do they evolve with time? 



The first 100 protoplanetary disks in PDI

Key-surveys.

Early stellar type

Late stellar type

HD100546 
(Garufi et al. 2016) 

T Tau stars ⇾

⇽ Herbig Ae/Be stars ⇾ ⇽ F stars ⇾

HD142527 
(Avenhaus et al. 2017) 

RX J1615-3255 
(de Boer et al. 2016) 

LkCa15 
(Thalmann et al. 2016) 

TW Hya 
(van Boekel et al. 2017) 

MWC 758 
(Benisty et al. 2015) 

HD97048 
(Ginski et al. 2016) 

HD100453 
(Benisty et al. 2017) 

 

HD135344B 
(Stolker et al. 2016) 

T Cha 
(Pohl et al. 2017) 
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Disk cavity
Fact #1:!

!
Very high occurrence: resolved in ~⅔ of the PDI sample.!

!
(To be compared to the 10% from photometric surveys.)!

!



Disk cavity
Facts #1 and #2:!

!
Very high occurrence: resolved in ~⅔ of the sample.!

!
(To be compared to the 10% from photometric surveys.)!

!
Cavities explain the Meeus observational dichotomy 

Group I vs Group II

High FIR!
Large MIR slope

Low FIR!
Small MIR slope



Disk cavity
Cavities explain the Meeus observational dichotomy 

Group I vs Group II
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Cavities explain the Meeus observational dichotomy 
Group I vs Group II



Disk cavity
Fact #3:!

!
Very high occurrence: resolved in ~⅔ of the sample.!

!
(To be compared to the 10% from photometric surveys.)!

!
⇑!
!

Disks with a cavity are brighter in scattered light.!
!

We have an observational bias.!
!



Disk cavity
Fact #3:!

!
We have more observational biases.!

Primarily, massive disks around old stars have been observed.!
!
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Disk cavity
Fact #3:!

!
We have more observational biases.!

Primarily, massive disks around old stars have been observed.!
!

Garufi et al. 2018 (also Villenave et al. in prep.)
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Fact #3:!

!
We have more observational biases.!

Primarily, massive disks around old stars have been observed.!
!

Garufi et al. 2018



Disk cavity
Conclusion #1:!

!
We have mostly observed long-living, massive disks with a cavity 

(see also Owen 2015, Pinilla et al. 2018).!
!

Garufi et al. 2018
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Within the disk cavity
Fact #4:!

!
Another observational dichotomy is among the transition disks (Group I).!

!

A&A proofs: manuscript no. aa
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Fig. 1. Linked behavior between the datasets combined in this work. (a): Fe/H vs Rco. (b): Fe/H vs FNIR. (c): FNIR vs Rco. (d): v2/v1 vs FNIR. The
red curve shows a parametric model of the decrease of FNIR with increasing size of an inner cavity (see text for details). The three disk categories
identified in the multi-dimensional parameter space are illustrated to the right; the dust layers producing significant FNIR are marked in red.

2.1. Rovibrational CO emission

Spectrally-resolved emission line profiles provide information
on gas kinematics in protoplanetary disks. Rovibrational CO
emission at 4.7–4.8 µm is used to estimate a characteristic orbital
radius of hot/warm (⇠300–1500 K) CO gas in Keplerian rotation
in a disk, as Rco = (2 sin i /FWHMco)2 G M?, where M? is the
stellar mass and i the disk inclination. As a characteristic gas
velocity we take the CO line velocity at the half width at half
maximum (FWHMco/2) as in Banzatti & Pontoppidan (2015).
As for the disk inclinations, we mostly use values from the near-
IR interferometric survey by Lazare↵ et al. (2017), which probe
similar inner disk regions to the near-IR CO emission. Values of
FWHMco, disk inclinations, and stellar masses used to estimate
Rco are listed in Table A.1. Most CO spectra have been published
in previous work, while four disks have been newly observed us-
ing IRTF-ISHELL (see Appendix B). Another informative prop-
erty of CO emission is the flux ratio between rovibrational lines
from the second and first vibrational levels. The ratio v2/v1 is a
sensitive tracer of the type of CO excitation (e.g. Brittain et al.
2007; Thi et al. 2013): UV-pumping populates high vibrational
states first (higher v2/v1), while IR-pumping and collisional ex-
citation populate low states first (lower v2/v1).

2.2. Refractory abundance on stellar photosphere

Modeling of high-resolution optical spectra enable measure-
ments of elemental abundances on stellar photospheres. We use
the stellar Fe/H compilation from Kama et al. (2015), including
mostly values from Folsom et al. (2012). The very shallow sur-
face convection zone in stars with Te↵ & 7500 K inhibits mixing
with the bulk of the stellar envelope and keeps accreted mate-
rial visible on the photosphere for ⇠ 1 Myr. The Fe/H measure-
ments in Herbig Ae/Be stars have been recently found to corre-
late with the presence or absence of dust cavities detected by mm
interferometry imaging, suggesting that the stellar photospheres

keep an imprint of the dust/gas ratio of their inner disks through
the accreted material (Kama et al. 2015). Two stars in the sam-
ple have Te↵ significantly lower than 7500 K, HD142527 and
HD135344B; these stars are likely mixing the accreted material
more e�ciently than the rest of the sample.

2.3. Near-infrared excess

A traditional probe of hot dust in inner disks is the fractional
near-IR excess FNIR = F(NIR)/F? (e.g. Dullemond et al. 2001).
Even though various works in the past have estimated the FNIR
of most of the known Herbigs, we have recalculated it for our
entire sample to ensure homogeneity. We collected the BVR-
JHK photometry, along with the WISE fluxes at 3.6 µm and 4.5
µm and de-reddened by means of the available extinction AV.
A PHOENIX model of the stellar photosphere (Hauschildt et al.
1999) with the respective stellar temperature and metallicity, and
surface gravity log(g) = �4.0, was employed for each source
and scaled to the de-reddened V magnitude for each source. The
near-IR excess FNIR was measured by integrating the observed
flux exceeding the stellar flux between 1.2 µm and 4.5 µm. These
values were then divided by the total stellar flux F? from the
model. In the case of a few sources at distances > 400 pc, the
large uncertainty in Te↵ and AV did not allow us to provide a
meaningful estimate of FNIR.

3. Linked behavior between the datasets

The datasets combined in this work show a linked behavior in the
multi-dimensional parameter space, as illustrated in the four pan-
els of Figure 1. The correlation between Fe/H and Rco demon-
strates the existence of a link between two observables that could
in principle be completely independent from each other: iron is
depleted from the stellar photospheres as Rco recedes to larger
radii in their inner disks. GII disks have, on average, smaller Rco
and higher Fe/H, while GI disks have on average the opposite,

Article number, page 2 of 6

Banzatti et al. 2018
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Within the disk cavity
Fact #4:!

!
Another observational dichotomy is among the transition disks (Group I).!

!

A&A proofs: manuscript no. aa
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Fig. 1. Linked behavior between the datasets combined in this work. (a): Fe/H vs Rco. (b): Fe/H vs FNIR. (c): FNIR vs Rco. (d): v2/v1 vs FNIR. The
red curve shows a parametric model of the decrease of FNIR with increasing size of an inner cavity (see text for details). The three disk categories
identified in the multi-dimensional parameter space are illustrated to the right; the dust layers producing significant FNIR are marked in red.

2.1. Rovibrational CO emission

Spectrally-resolved emission line profiles provide information
on gas kinematics in protoplanetary disks. Rovibrational CO
emission at 4.7–4.8 µm is used to estimate a characteristic orbital
radius of hot/warm (⇠300–1500 K) CO gas in Keplerian rotation
in a disk, as Rco = (2 sin i /FWHMco)2 G M?, where M? is the
stellar mass and i the disk inclination. As a characteristic gas
velocity we take the CO line velocity at the half width at half
maximum (FWHMco/2) as in Banzatti & Pontoppidan (2015).
As for the disk inclinations, we mostly use values from the near-
IR interferometric survey by Lazare↵ et al. (2017), which probe
similar inner disk regions to the near-IR CO emission. Values of
FWHMco, disk inclinations, and stellar masses used to estimate
Rco are listed in Table A.1. Most CO spectra have been published
in previous work, while four disks have been newly observed us-
ing IRTF-ISHELL (see Appendix B). Another informative prop-
erty of CO emission is the flux ratio between rovibrational lines
from the second and first vibrational levels. The ratio v2/v1 is a
sensitive tracer of the type of CO excitation (e.g. Brittain et al.
2007; Thi et al. 2013): UV-pumping populates high vibrational
states first (higher v2/v1), while IR-pumping and collisional ex-
citation populate low states first (lower v2/v1).

2.2. Refractory abundance on stellar photosphere

Modeling of high-resolution optical spectra enable measure-
ments of elemental abundances on stellar photospheres. We use
the stellar Fe/H compilation from Kama et al. (2015), including
mostly values from Folsom et al. (2012). The very shallow sur-
face convection zone in stars with Te↵ & 7500 K inhibits mixing
with the bulk of the stellar envelope and keeps accreted mate-
rial visible on the photosphere for ⇠ 1 Myr. The Fe/H measure-
ments in Herbig Ae/Be stars have been recently found to corre-
late with the presence or absence of dust cavities detected by mm
interferometry imaging, suggesting that the stellar photospheres

keep an imprint of the dust/gas ratio of their inner disks through
the accreted material (Kama et al. 2015). Two stars in the sam-
ple have Te↵ significantly lower than 7500 K, HD142527 and
HD135344B; these stars are likely mixing the accreted material
more e�ciently than the rest of the sample.

2.3. Near-infrared excess

A traditional probe of hot dust in inner disks is the fractional
near-IR excess FNIR = F(NIR)/F? (e.g. Dullemond et al. 2001).
Even though various works in the past have estimated the FNIR
of most of the known Herbigs, we have recalculated it for our
entire sample to ensure homogeneity. We collected the BVR-
JHK photometry, along with the WISE fluxes at 3.6 µm and 4.5
µm and de-reddened by means of the available extinction AV.
A PHOENIX model of the stellar photosphere (Hauschildt et al.
1999) with the respective stellar temperature and metallicity, and
surface gravity log(g) = �4.0, was employed for each source
and scaled to the de-reddened V magnitude for each source. The
near-IR excess FNIR was measured by integrating the observed
flux exceeding the stellar flux between 1.2 µm and 4.5 µm. These
values were then divided by the total stellar flux F? from the
model. In the case of a few sources at distances > 400 pc, the
large uncertainty in Te↵ and AV did not allow us to provide a
meaningful estimate of FNIR.

3. Linked behavior between the datasets

The datasets combined in this work show a linked behavior in the
multi-dimensional parameter space, as illustrated in the four pan-
els of Figure 1. The correlation between Fe/H and Rco demon-
strates the existence of a link between two observables that could
in principle be completely independent from each other: iron is
depleted from the stellar photospheres as Rco recedes to larger
radii in their inner disks. GII disks have, on average, smaller Rco
and higher Fe/H, while GI disks have on average the opposite,
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Within the disk cavity
Fact #4:!

!
Another observational dichotomy is among the transition disks (Group I).!

!
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Fig. 1. Linked behavior between the datasets combined in this work. (a): Fe/H vs Rco. (b): Fe/H vs FNIR. (c): FNIR vs Rco. (d): v2/v1 vs FNIR. The
red curve shows a parametric model of the decrease of FNIR with increasing size of an inner cavity (see text for details). The three disk categories
identified in the multi-dimensional parameter space are illustrated to the right; the dust layers producing significant FNIR are marked in red.

2.1. Rovibrational CO emission

Spectrally-resolved emission line profiles provide information
on gas kinematics in protoplanetary disks. Rovibrational CO
emission at 4.7–4.8 µm is used to estimate a characteristic orbital
radius of hot/warm (⇠300–1500 K) CO gas in Keplerian rotation
in a disk, as Rco = (2 sin i /FWHMco)2 G M?, where M? is the
stellar mass and i the disk inclination. As a characteristic gas
velocity we take the CO line velocity at the half width at half
maximum (FWHMco/2) as in Banzatti & Pontoppidan (2015).
As for the disk inclinations, we mostly use values from the near-
IR interferometric survey by Lazare↵ et al. (2017), which probe
similar inner disk regions to the near-IR CO emission. Values of
FWHMco, disk inclinations, and stellar masses used to estimate
Rco are listed in Table A.1. Most CO spectra have been published
in previous work, while four disks have been newly observed us-
ing IRTF-ISHELL (see Appendix B). Another informative prop-
erty of CO emission is the flux ratio between rovibrational lines
from the second and first vibrational levels. The ratio v2/v1 is a
sensitive tracer of the type of CO excitation (e.g. Brittain et al.
2007; Thi et al. 2013): UV-pumping populates high vibrational
states first (higher v2/v1), while IR-pumping and collisional ex-
citation populate low states first (lower v2/v1).

2.2. Refractory abundance on stellar photosphere

Modeling of high-resolution optical spectra enable measure-
ments of elemental abundances on stellar photospheres. We use
the stellar Fe/H compilation from Kama et al. (2015), including
mostly values from Folsom et al. (2012). The very shallow sur-
face convection zone in stars with Te↵ & 7500 K inhibits mixing
with the bulk of the stellar envelope and keeps accreted mate-
rial visible on the photosphere for ⇠ 1 Myr. The Fe/H measure-
ments in Herbig Ae/Be stars have been recently found to corre-
late with the presence or absence of dust cavities detected by mm
interferometry imaging, suggesting that the stellar photospheres

keep an imprint of the dust/gas ratio of their inner disks through
the accreted material (Kama et al. 2015). Two stars in the sam-
ple have Te↵ significantly lower than 7500 K, HD142527 and
HD135344B; these stars are likely mixing the accreted material
more e�ciently than the rest of the sample.

2.3. Near-infrared excess

A traditional probe of hot dust in inner disks is the fractional
near-IR excess FNIR = F(NIR)/F? (e.g. Dullemond et al. 2001).
Even though various works in the past have estimated the FNIR
of most of the known Herbigs, we have recalculated it for our
entire sample to ensure homogeneity. We collected the BVR-
JHK photometry, along with the WISE fluxes at 3.6 µm and 4.5
µm and de-reddened by means of the available extinction AV.
A PHOENIX model of the stellar photosphere (Hauschildt et al.
1999) with the respective stellar temperature and metallicity, and
surface gravity log(g) = �4.0, was employed for each source
and scaled to the de-reddened V magnitude for each source. The
near-IR excess FNIR was measured by integrating the observed
flux exceeding the stellar flux between 1.2 µm and 4.5 µm. These
values were then divided by the total stellar flux F? from the
model. In the case of a few sources at distances > 400 pc, the
large uncertainty in Te↵ and AV did not allow us to provide a
meaningful estimate of FNIR.

3. Linked behavior between the datasets

The datasets combined in this work show a linked behavior in the
multi-dimensional parameter space, as illustrated in the four pan-
els of Figure 1. The correlation between Fe/H and Rco demon-
strates the existence of a link between two observables that could
in principle be completely independent from each other: iron is
depleted from the stellar photospheres as Rco recedes to larger
radii in their inner disks. GII disks have, on average, smaller Rco
and higher Fe/H, while GI disks have on average the opposite,
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Fig. 1. Linked behavior between the datasets combined in this work. (a): Fe/H vs Rco. (b): Fe/H vs FNIR. (c): FNIR vs Rco. (d): v2/v1 vs FNIR. The
red curve shows a parametric model of the decrease of FNIR with increasing size of an inner cavity (see text for details). The three disk categories
identified in the multi-dimensional parameter space are illustrated to the bottom. Dust is shown in yellow, and we mark the approximate location
of infrared CO emission. Dust depletion is shown as a thinner yellow layer of residual dust, and dust layers that dominate the observed FNIR are
marked in red. GII disks are shown as magenta squares, high-NIR GI disks as green triangles, low-NIR GI disks as cyan (empty) triangles.

known Herbig Ae/Be stars within 200 pc, together with some at
larger distances: 26 late-B, A, and F stars with temperatures Te↵
between 6,500 K and 11,000 K, masses between 1.5 M� and 4
M�, and ages between 1 and 10 Myr. The sample is composed
evenly by GI and GII disks (13 each), and we adopt the classifi-
cation criterion from Garufi et al. (2017), where the flux ratio at
30 and 13 µm is used to separate GI disks (with F30/F13 > 2.2)
from GII disks (with F30/F13 < 2.2, where 2.2 is the ratio for a
flat SED). All three datasets are available for 16 of these objects,
while only two are available for the other 10 (Table A.1).

2.1. Rovibrational CO emission

Spectrally resolved emission line profiles provide information on
gas kinematics in protoplanetary disks. Rovibrational CO emis-
sion at 4.7–4.8 µm was used to estimate a characteristic orbital
radius of hot/warm (⇠300–1500 K) CO gas in Keplerian rota-
tion in a disk, as Rco = (2 sin i /FWHMco)2 G M?, where M? is
the stellar mass and i the disk inclination. As a characteristic gas
velocity, we took the CO line velocity at the half width at half
maximum (FWHMco/2) as in Banzatti & Pontoppidan (2015).
For the disk inclinations, we adopted values from the near-IR in-

terferometric survey by Lazare↵ et al. (2017), which probe inner
disks at < 10 au. The 1� errors on Rco were propagated from the
uncertainties on stellar masses, CO line widths, and disk inclina-
tions, and they are dominated by the disk inclination uncertain-
ties. Most CO spectra have been published previously, except
for four disks that were newly observed with IRTF-ISHELL (see
Appendix B). Another measured property of CO emission is the
flux ratio between rovibrational lines from the second and first
vibrational levels. The ratio v2/v1 is a sensitive tracer of the type
of CO excitation (e.g., Brittain et al. 2003, 2007; Thi et al. 2013):
UV-pumping populates high vibrational states first (producing
higher v2/v1), while IR-pumping and collisional excitation pop-
ulate low states first (producing lower v2/v1).

2.2. Refractory abundance on stellar photosphere

Modeling of high-resolution optical spectra enables measuring
elemental abundances on stellar photospheres. We used the stel-
lar Fe/H compilation from Kama et al. (2015), including mostly
values from Folsom et al. (2012). The very shallow surface con-
vection zone in stars with Te↵ & 7500 K inhibits mixing with
the bulk of the stellar envelope and keeps accreted material vis-

Article number, page 2 of 7

Banzatti et al. 2018 (see also Kama et al. 2015)



Within the disk cavity

Banzatti et al. 2018

Conclusion #2:!
!

There are two families of disk cavities.!
!

Transition disks have depleted/increased NIR and low/solar abundance 
of refractory elements, with CO emission from large/small radii.!
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red curve shows a parametric model of the decrease of FNIR with increasing size of an inner cavity (see text for details). The three disk categories
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2.1. Rovibrational CO emission

Spectrally-resolved emission line profiles provide information
on gas kinematics in protoplanetary disks. Rovibrational CO
emission at 4.7–4.8 µm is used to estimate a characteristic orbital
radius of hot/warm (⇠300–1500 K) CO gas in Keplerian rotation
in a disk, as Rco = (2 sin i /FWHMco)2 G M?, where M? is the
stellar mass and i the disk inclination. As a characteristic gas
velocity we take the CO line velocity at the half width at half
maximum (FWHMco/2) as in Banzatti & Pontoppidan (2015).
As for the disk inclinations, we mostly use values from the near-
IR interferometric survey by Lazare↵ et al. (2017), which probe
similar inner disk regions to the near-IR CO emission. Values of
FWHMco, disk inclinations, and stellar masses used to estimate
Rco are listed in Table A.1. Most CO spectra have been published
in previous work, while four disks have been newly observed us-
ing IRTF-ISHELL (see Appendix B). Another informative prop-
erty of CO emission is the flux ratio between rovibrational lines
from the second and first vibrational levels. The ratio v2/v1 is a
sensitive tracer of the type of CO excitation (e.g. Brittain et al.
2007; Thi et al. 2013): UV-pumping populates high vibrational
states first (higher v2/v1), while IR-pumping and collisional ex-
citation populate low states first (lower v2/v1).

2.2. Refractory abundance on stellar photosphere

Modeling of high-resolution optical spectra enable measure-
ments of elemental abundances on stellar photospheres. We use
the stellar Fe/H compilation from Kama et al. (2015), including
mostly values from Folsom et al. (2012). The very shallow sur-
face convection zone in stars with Te↵ & 7500 K inhibits mixing
with the bulk of the stellar envelope and keeps accreted mate-
rial visible on the photosphere for ⇠ 1 Myr. The Fe/H measure-
ments in Herbig Ae/Be stars have been recently found to corre-
late with the presence or absence of dust cavities detected by mm
interferometry imaging, suggesting that the stellar photospheres

keep an imprint of the dust/gas ratio of their inner disks through
the accreted material (Kama et al. 2015). Two stars in the sam-
ple have Te↵ significantly lower than 7500 K, HD142527 and
HD135344B; these stars are likely mixing the accreted material
more e�ciently than the rest of the sample.

2.3. Near-infrared excess

A traditional probe of hot dust in inner disks is the fractional
near-IR excess FNIR = F(NIR)/F? (e.g. Dullemond et al. 2001).
Even though various works in the past have estimated the FNIR
of most of the known Herbigs, we have recalculated it for our
entire sample to ensure homogeneity. We collected the BVR-
JHK photometry, along with the WISE fluxes at 3.6 µm and 4.5
µm and de-reddened by means of the available extinction AV.
A PHOENIX model of the stellar photosphere (Hauschildt et al.
1999) with the respective stellar temperature and metallicity, and
surface gravity log(g) = �4.0, was employed for each source
and scaled to the de-reddened V magnitude for each source. The
near-IR excess FNIR was measured by integrating the observed
flux exceeding the stellar flux between 1.2 µm and 4.5 µm. These
values were then divided by the total stellar flux F? from the
model. In the case of a few sources at distances > 400 pc, the
large uncertainty in Te↵ and AV did not allow us to provide a
meaningful estimate of FNIR.

3. Linked behavior between the datasets

The datasets combined in this work show a linked behavior in the
multi-dimensional parameter space, as illustrated in the four pan-
els of Figure 1. The correlation between Fe/H and Rco demon-
strates the existence of a link between two observables that could
in principle be completely independent from each other: iron is
depleted from the stellar photospheres as Rco recedes to larger
radii in their inner disks. GII disks have, on average, smaller Rco
and higher Fe/H, while GI disks have on average the opposite,
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2.1. Rovibrational CO emission

Spectrally-resolved emission line profiles provide information
on gas kinematics in protoplanetary disks. Rovibrational CO
emission at 4.7–4.8 µm is used to estimate a characteristic orbital
radius of hot/warm (⇠300–1500 K) CO gas in Keplerian rotation
in a disk, as Rco = (2 sin i /FWHMco)2 G M?, where M? is the
stellar mass and i the disk inclination. As a characteristic gas
velocity we take the CO line velocity at the half width at half
maximum (FWHMco/2) as in Banzatti & Pontoppidan (2015).
As for the disk inclinations, we mostly use values from the near-
IR interferometric survey by Lazare↵ et al. (2017), which probe
similar inner disk regions to the near-IR CO emission. Values of
FWHMco, disk inclinations, and stellar masses used to estimate
Rco are listed in Table A.1. Most CO spectra have been published
in previous work, while four disks have been newly observed us-
ing IRTF-ISHELL (see Appendix B). Another informative prop-
erty of CO emission is the flux ratio between rovibrational lines
from the second and first vibrational levels. The ratio v2/v1 is a
sensitive tracer of the type of CO excitation (e.g. Brittain et al.
2007; Thi et al. 2013): UV-pumping populates high vibrational
states first (higher v2/v1), while IR-pumping and collisional ex-
citation populate low states first (lower v2/v1).

2.2. Refractory abundance on stellar photosphere

Modeling of high-resolution optical spectra enable measure-
ments of elemental abundances on stellar photospheres. We use
the stellar Fe/H compilation from Kama et al. (2015), including
mostly values from Folsom et al. (2012). The very shallow sur-
face convection zone in stars with Te↵ & 7500 K inhibits mixing
with the bulk of the stellar envelope and keeps accreted mate-
rial visible on the photosphere for ⇠ 1 Myr. The Fe/H measure-
ments in Herbig Ae/Be stars have been recently found to corre-
late with the presence or absence of dust cavities detected by mm
interferometry imaging, suggesting that the stellar photospheres

keep an imprint of the dust/gas ratio of their inner disks through
the accreted material (Kama et al. 2015). Two stars in the sam-
ple have Te↵ significantly lower than 7500 K, HD142527 and
HD135344B; these stars are likely mixing the accreted material
more e�ciently than the rest of the sample.

2.3. Near-infrared excess

A traditional probe of hot dust in inner disks is the fractional
near-IR excess FNIR = F(NIR)/F? (e.g. Dullemond et al. 2001).
Even though various works in the past have estimated the FNIR
of most of the known Herbigs, we have recalculated it for our
entire sample to ensure homogeneity. We collected the BVR-
JHK photometry, along with the WISE fluxes at 3.6 µm and 4.5
µm and de-reddened by means of the available extinction AV.
A PHOENIX model of the stellar photosphere (Hauschildt et al.
1999) with the respective stellar temperature and metallicity, and
surface gravity log(g) = �4.0, was employed for each source
and scaled to the de-reddened V magnitude for each source. The
near-IR excess FNIR was measured by integrating the observed
flux exceeding the stellar flux between 1.2 µm and 4.5 µm. These
values were then divided by the total stellar flux F? from the
model. In the case of a few sources at distances > 400 pc, the
large uncertainty in Te↵ and AV did not allow us to provide a
meaningful estimate of FNIR.

3. Linked behavior between the datasets

The datasets combined in this work show a linked behavior in the
multi-dimensional parameter space, as illustrated in the four pan-
els of Figure 1. The correlation between Fe/H and Rco demon-
strates the existence of a link between two observables that could
in principle be completely independent from each other: iron is
depleted from the stellar photospheres as Rco recedes to larger
radii in their inner disks. GII disks have, on average, smaller Rco
and higher Fe/H, while GI disks have on average the opposite,
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2.1. Rovibrational CO emission

Spectrally-resolved emission line profiles provide information
on gas kinematics in protoplanetary disks. Rovibrational CO
emission at 4.7–4.8 µm is used to estimate a characteristic orbital
radius of hot/warm (⇠300–1500 K) CO gas in Keplerian rotation
in a disk, as Rco = (2 sin i /FWHMco)2 G M?, where M? is the
stellar mass and i the disk inclination. As a characteristic gas
velocity we take the CO line velocity at the half width at half
maximum (FWHMco/2) as in Banzatti & Pontoppidan (2015).
As for the disk inclinations, we mostly use values from the near-
IR interferometric survey by Lazare↵ et al. (2017), which probe
similar inner disk regions to the near-IR CO emission. Values of
FWHMco, disk inclinations, and stellar masses used to estimate
Rco are listed in Table A.1. Most CO spectra have been published
in previous work, while four disks have been newly observed us-
ing IRTF-ISHELL (see Appendix B). Another informative prop-
erty of CO emission is the flux ratio between rovibrational lines
from the second and first vibrational levels. The ratio v2/v1 is a
sensitive tracer of the type of CO excitation (e.g. Brittain et al.
2007; Thi et al. 2013): UV-pumping populates high vibrational
states first (higher v2/v1), while IR-pumping and collisional ex-
citation populate low states first (lower v2/v1).

2.2. Refractory abundance on stellar photosphere

Modeling of high-resolution optical spectra enable measure-
ments of elemental abundances on stellar photospheres. We use
the stellar Fe/H compilation from Kama et al. (2015), including
mostly values from Folsom et al. (2012). The very shallow sur-
face convection zone in stars with Te↵ & 7500 K inhibits mixing
with the bulk of the stellar envelope and keeps accreted mate-
rial visible on the photosphere for ⇠ 1 Myr. The Fe/H measure-
ments in Herbig Ae/Be stars have been recently found to corre-
late with the presence or absence of dust cavities detected by mm
interferometry imaging, suggesting that the stellar photospheres

keep an imprint of the dust/gas ratio of their inner disks through
the accreted material (Kama et al. 2015). Two stars in the sam-
ple have Te↵ significantly lower than 7500 K, HD142527 and
HD135344B; these stars are likely mixing the accreted material
more e�ciently than the rest of the sample.

2.3. Near-infrared excess

A traditional probe of hot dust in inner disks is the fractional
near-IR excess FNIR = F(NIR)/F? (e.g. Dullemond et al. 2001).
Even though various works in the past have estimated the FNIR
of most of the known Herbigs, we have recalculated it for our
entire sample to ensure homogeneity. We collected the BVR-
JHK photometry, along with the WISE fluxes at 3.6 µm and 4.5
µm and de-reddened by means of the available extinction AV.
A PHOENIX model of the stellar photosphere (Hauschildt et al.
1999) with the respective stellar temperature and metallicity, and
surface gravity log(g) = �4.0, was employed for each source
and scaled to the de-reddened V magnitude for each source. The
near-IR excess FNIR was measured by integrating the observed
flux exceeding the stellar flux between 1.2 µm and 4.5 µm. These
values were then divided by the total stellar flux F? from the
model. In the case of a few sources at distances > 400 pc, the
large uncertainty in Te↵ and AV did not allow us to provide a
meaningful estimate of FNIR.

3. Linked behavior between the datasets

The datasets combined in this work show a linked behavior in the
multi-dimensional parameter space, as illustrated in the four pan-
els of Figure 1. The correlation between Fe/H and Rco demon-
strates the existence of a link between two observables that could
in principle be completely independent from each other: iron is
depleted from the stellar photospheres as Rco recedes to larger
radii in their inner disks. GII disks have, on average, smaller Rco
and higher Fe/H, while GI disks have on average the opposite,
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Within the disk cavity
Fact #5:!

!
The morphology of optical jets bears record of the 

stellar physics and geometry of the inner disk.!
!

Jet knots → Increased accretion/ejection events.!
Jet wiggling → Disk warp, misalignment? 

Garufi et al. to be submitted
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Conclusion #3:!
!

The brightness and morphology of jets depend on the inner disk properties.!
!
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Spirals & Shadows
Fact #6:!

!
Spirals are detected in ~10% of Herbig stars. Never detected in TTSs.



Spirals & Shadows
Fact #6 and #7:!

!
Spirals are detected in ~10% of Herbig stars. Never detected in TTSs.!

!
Both spirals and shadows are associated with a high NIR.
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Spirals & Shadows
Fact #6:!

!
Spirals are detected in ~10% of Herbig stars. Never detected in TTSs.!

!
Possibly, spirals are “late” structures. We do not observe late TTSs.

Garufi et al. 2018
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Spirals & Shadows
Fact #6:!

!
Spirals are detected in ~10% of Herbig stars. Never detected in TTSs.!

!
Possibly, spirals are “late” structures. We do not observe late TTSs.

Garufi et al. 2018 (vs DSHARP)
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Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).
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Fact #6:!

!
Spirals are detected in ~10% of Herbig stars. Never detected in TTSs.!

!
Possibly, spirals are “late” structures. We do not observe late TTSs.
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Spirals & Shadows
Conclusion #4:!

!
The link between high NIR, shadows, and spirals could be a misaligned 
companion that stirs up the inner disk, induce a warp, and excite spirals.

Zhu 2019
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Figure 3. The same as Fig. 1 but shows the isodensity surface. The tilted
CPD is also shown. The movie can be downloaded from the Supporting
Information associated with this paper.

scale height. If we use the PPM reconstruction scheme, five grids
per scale height is sufficient. On the other hand, we notice that the
simulation having both five grids per scale height and the PPM
scheme still has some minor differences from the higher resolution
runs. Thus, we decide to use 10 grids per scale height with the PLM
scheme as our fiducial set-up. On the other hand, with our fiducial
set-up, the resolution is only five grids per scale height for the thin
disc simulation THINP10I39AM3. Thus, we use the PPM scheme
for this thin disc simulation.

4 R ESULTS

We run the simulations for 200–300 planetary orbits. The poloidal
cut for the disc density structure of P10I19A0 is shown in Fig. 1.
The planet, together with the circumplanetary region, can be seen
on the right at the grid mid-plane. Initially, both the inner and outer
discs are tilted by 19◦. However, the massive planet has carved out
a very deep gap so that the inner and outer discs break from each
other and precess at different precession rates. After 180 planetary
orbits, the inner disc precesses for ∼180◦ around the z-axis and it is
now facing the other direction. Thus, the angle between the angular
momentum vectors of the inner and outer discs is now 19◦ × 2 = 38◦.
The isodensity surface for this snapshot is shown in Fig. 3. We can
clearly see that the inner and outer discs are misaligned. Spirals
are apparent at both the inner and outer discs. Another interesting
phenomenon in both Figs 1 and 3 is that the circumplanetary disc
(CPD) around the planet is aligned with the outer disc instead of
the inner disc. This may be because the CPD forms by accreting
material from the outer disc and this incoming material carries the
angular momentum of the outer disc.

4.1 Disc structure

At 200 planetary orbits, the radial profiles of the disc surface density,
tilt, and twist are shown in Figs 4 and 5 with a 3 MJ and 10 MJ

planet in the disc respectively. There are several noticeable trends
from these figures:

(1) The larger α the disc has, the shallower gap the planet induces.
This is similar to gap opening by coplanar planets (Fung et al.
2014; Kanagawa et al. 2015). While the planet tries to open a gap
by depositing angular momentum into the disc, the disc tries to
close the gap due to viscous diffusion. Thus, a higher viscosity
leads to a shallower gap. One exception to notice in Fig. 4 is that
the inviscid case P10I19A0 has a shallower gap than the viscous
case P10I19AM3. This is observed in coplanar simulations too
(e.g. Zhang et al. 2018). Two effects play roles here: (i) a very
low viscosity in discs can trigger instabilities (e.g. Rossby Wave
Instability, Lovelace, Rothstein & Bisnovatyi-Kogan 2009) at the
gap edge, which leads to turbulence that will close the gap; and
(ii) the gap edge can also become eccentric when the viscosity is
low (Lubow 1991a,b; Kley & Dirksen 2006; Teyssandier & Ogilvie
2017), in which case azimuthally averaging over an elliptical gap
can smear out the density profile of the gap.

(2) The more inclined the planet is, the shallower gap the planet
induces. This is consistent with our derivation (equations 10 and 13)
that the inclined planet has less gravitational interaction with the
disc. We will compare the gap depth with equation (13) in more
detail in Section 4.3.

(3) The tilt (i) of both the inner and outer discs does not change
significantly at 200 orbits. When α is large (e.g. α = 0.1), the tilt
seems to decrease slightly towards the inner disc. When α is small
(e.g. α = 10−3), the tilt seems to increase slightly towards the inner
disc if the gap is not deep (e.g. Fig. 5).

(4) The deeper the gap is, the larger the difference between
the twist of the inner and outer discs is. For the three cases
which have the deepest gaps (P10I10AM3, P10I19AM3, and
P10I19A0), the twist difference between the inner and outer discs
reaches more than 200◦. For discs with shallow gaps, the twist
difference between the inner and outer discs is limited to a small
value.

Figs 6 and 7 show the time evolution of the tilt and twist of
the inner (solid curves) and outer (dashed curves) discs. The inner
and outer discs are defined as the disc region smaller than R = 0.7
and larger than R = 1.5, respectively. Their tilt and twist angles
are calculated using the angular momentum vector that has been
integrated over the inner and outer discs. For the three cases that have
deep gaps (P10I10AM3, P10I19AM3, and P10I19A0), we can
see that the inner and outer discs precess at very different rates. The
twist (γ ) of the inner disc increases much faster than that of the outer
disc, indicating that the two discs break and they are not dynamically
connected. The measured precession rates (∂γ /∂t) for the inner
discs of P10I10AM3 and P10I19AM3 are $p/340 and $p/300.
Considering that the analytical prediction from equation (28) is
$p/276 with i = 15◦ and q = 0.01, the simulation results agree well
with the theory.

On the other hand, for the shallow gap cases, e.g. P10I19AM2,
and P3I10AM3, the twist of the inner disc increases fast initially.
But it slows down at later times and precesses at the same rate
as the outer disc. The inner and outer discs thus have a con-
stant relative twist angle. It seems that the disc tries to break
but manages to maintain a twist balance between the inner and
outer discs. We will discuss disc breaking more quantitatively in
Section 4.3.

4.2 Migration and inclination damping rates

Although the planet is kept on a fixed circular orbit, we can calculate
the planet migration rate and the inclination damping rate using the
gravitational force exerted on the planet by the disc. Following
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Spirals & Shadows
Conclusion #4:!

!
The link between high NIR, shadows, and spirals could be a misaligned 
companion that stirs up the inner disk, induce a warp, and excite spirals.!

!
But what about the relative azimuthal asymmetries in the mm?

Benisty et al. 2015, 2017, Stolker et al. 2017, Boehler et al. 2018, van der Plas et al. 2019, Cazzoletti et al. 2018
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Conclusions
#1: We have mostly observed long-living, massive disks with a cavity. 

Cavities explain the Group I/II dichotomy.!
!

#2: There are two families of disk cavities, high-NIR and low-NIR. !
The gas/dust interplay from the two is clearly different.!

!
#3: The inner disk morphology leaves an imprint on the optical jet. 

Wiggling is a possible evidence of the presence of a disk warp.!
!

#4: Spirals and shadows could be associated with misaligned companions 
responsible for a puffed-up and warped inner disk portion. !

 !

!

The system of RY Tau, Garufi et al. to be submitted (+ Long et al. 2018b)
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