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Abstract (German)

Den protoplanetaren Scheiben, die um junge stellare Objekte herum beobachtet werden, wird
eine Schlüsselrolle in dem noch immer unklaren Prozess der Planetenentstehung und -entwicklung
zugeschrieben. In den letzten zehn Jahren hat sich unser Wissen über protoplanetare Scheiben
dank der drastischen Verbesserung der Beobachtungsmöglichkeiten erheblich erweitert. Den-
noch ist das Bild noch nicht vollständig, vor allem was die innersten Regionen betrifft, die
mit Hilfe der langgestreckten Infrarot-Interferometrie beobachtet werden, die erforderlich ist,
um Sub-AE-Skalen zu untersuchen. Offene Fragen werden immer noch diskutiert, z. B. über
die Mechanismen zwischen Stern und Scheibe, die durch Emissionslinien wie die Wasserstoff-
Brackett-γ-Linie und ihre Position aufgespürt werden, über das Vorhandensein von Staub in-
nerhalb des Sublimationsradius der Systeme, über den Ursprung der Asymmetrien in der Hel-
ligkeitsverteilung der protoplanetaren Scheiben und ihre zeitliche Variabilität.
Besonders interessant sind die jungen stellaren Objekte, die zur Untergruppe der Herbig-Sterne
gehören. Mit einer Sternmasse, die kanonisch zwischen ∼ 2 and ∼ 12 M⊙ liegt, gelten sie in
vielerlei Hinsicht als Brücke zwischen den relativ gut verstandenen massearmen Vorhauptrei-
hensternen und den noch undurchsichtigen massereichen Sternen.

In dieser Arbeit untersuche ich drei verschiedene Herbig-Sterne, von denen jeder ein Maßstab
für verschiedene offene Fragen zur Entwicklung junger stellarer Objekte und zu den physikalis-
chen Prozessen in ihren innersten zirkumstellaren Regionen ist.
Das erste Objekt ist HD 141569, ein bekannter Herbig-Stern, der sich durch eine Übergangss-
cheibe auszeichnet. GRAVITY konnte eine sehr schwache Staubemission innerhalb der ersten
AE des Systems nachweisen, von der man bisher annahm, dass sie, wie die meisten Übergangss-
cheiben, staubarm ist. Das System zeigt trotz seines hohen Alters eine Brγ-Linienemission, für
die das GRAVITY-Spektrum und die differentiellen Phasen darauf hindeuten, dass das emit-
tierende Gas in einer Keplerschen Scheibe um den Zentralstern liegt.
Anhand der Studie des zweiten Systems, HD 98922, wird eine einzigartige Untersuchung der
Variabilität seines innersten Gas- und Staubmaterials vorgestellt. Ich stelle einen Weg vor,
die schlechte Abdeckung der (u, v)-Ebene zu umgehen und die Variabilität durch geometrische
Modellierung der interferometrischen Daten zu bewerten. Die Modellierung deutet auf eine
umlaufende, sichelförmige, staubige Erscheinung hin, die auf ein Staubfallen-Szenario auf der
Millibogensekunden-Skala in den ersten AE der zirkumstellaren Umgebung von HD 98922 hin-
deutet. Es wird auch eine stark zeitvariable Brackett-γ-Linienemission beobachtet, die in erster
Ordnung der Orbitalbewegung des staubigen Merkmals folgt.
Schließlich wird das vierfache Herbig-Sternsystem HD 52721 untersucht und auf interferometrische
Binarität in AE-Skalen geprüft. Ein neuer Begleiter wird entdeckt, ebenso wie eine komplexe
und stark zeitvariable Brackett-γ-Linienemission.



Abstract (English)

The protoplanetary disks observed around young stellar objects are recognized as having a key
role in the still unclear processes of planet formation and evolution. In the last decade our
knowledge on protoplanetary disks has grown considerably thanks to the drastic improvement
of the observing facilities. However, their picture is not yet complete, especially with regards
to their innermost regions, observed through long-baseline infrared interferometry, required to
probe sub-au scales. Open questions are still debated, for example, on the star–disk mecha-
nisms traced by emission lines like the hydrogen Brackett-γ and its location, on the presence of
dust inside the systems’ sublimation radius, on the origin of the protoplanetary disks brightness
distribution asymmetries, and their time-variability.
Particularly interesting are the young stellar objects belonging to the Herbig stars sub-group.
With a stellar mass canonically set to range between ∼ 2 and ∼ 12 M⊙, they are thought to be, in
many aspects, the bridge between the relatively well understood low mass pre-main-sequence
stars and the still obscure high mass ones.

In this work I study three different Herbig stars, each one of them being a benchmark for various
open-ended questions on young stellar objects evolution and on the physical processes happen-
ing in their innermost circumstellar regions.
The first object is HD 141569, a well-known Herbig star characterized by a transitional disk.
GRAVITY was able to detect a very faint dust emission in the first au of the system, previously
thought, as the majority of transitional disks, to be dust-depleted. The system, despite his old
age, shows a Brγ-line emission, for which the GRAVITY spectrum and differential phases sug-
gest the emitting gas to lie in a Keplerian disk around the central star.
Through the study of the second system, HD 98922, a unique variability investigation of its
innermost gas and dust material is presented. I suggest a way to bypass poor (u, v)-plane cover-
age and to assess variability through interferometric data geometrical modeling. The modeling
suggests an orbiting, crescent, dusty feature, hinting to a dust-trap scenario at milli-arcsec scale
in the first au of the HD 98922 circumstellar environment. A strongly time-variable Brackett-
γ-line emission is also observed, which follows at first order the orbital motion of the dusty
feature.
Lastly, the quadruple Herbig stars system HD 52721 is studied and tested for interferometric
binarity in au scales. A new companion is detected, as well as a complex and strongly time-
variable Brackett-γ-line emission.
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Chapter 1

Introduction

A relatively lucky kid living in a rural area, by looking up at the sky during a clear night, would
get amused by the numerous bright dots that constellate what it seems a dark and empty void.
The space between the stars in the Milky Way is however far from being vacant. These regions
are indeed inhabited inhomogeneously by a tenuous matter component, the interstellar medium,
mainly composed of hydrogen, and which was observed in many ways, from its obscuration and
reddening effects on starlight, to its various emission mechanisms (see e.g., Ferrière 2001, and
references therein). If we do not consider dark matter, an hypothetical form of matter unaffected
by electromagnetic radiation which interact with its “normal” counterpart only through gravity
and thought to account for ∼ 90 % of the Milky Way total mass (e.g., Watkins et al. 2019),
about 95 % of the galactic volume is occupied by hot (≳ 6000 K), neutral, ionised hydrogen,
with densities ranging between 10−4 and 1 particles/cm3. In the remaining 5 %, the gas is cold
(∼ 10-100 K), neutral, and characterized by a density of ∼ 20–50 particles/cm3 (see e.g., Ferrière
2001, and references therein). This gas is concentrated in the galactic plane, and, from this cold
component, high density (102 − 106 particles/cm3) gas sub-regions form, in which consequent
formation of ionized hydrogen and molecules occur (e.g., Valdivia et al. 2016). These sub-
regions, called giant molecular clouds, account for less than 1 % of the galactic volume, and are
the nursery of star formation.

The work I am about to present, focuses on the early life stage of intermediate mass stars.
Even though they represent a very small portion of the total matter in the Milky Way, being the
total stars mass (for stars of any ages and masses) ∼ 4 % of the total galaxy mass (McMillan
2011), young stars are of prime interest. Their formation and evolution are directly linked to the
ones of their circumstellar accreting disk, and sequentially to the ones of planets. Understanding
planetary systems formation may ultimately answer the questions around our origins, quenching
one of our inherent inclination. Our curiosity. Which should be in astronomy, more or less, what
it is all about.
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Introduction

Figure 1.1: Star-forming region NGC 3324 as seen in infrared by NASA’s James Webb Space
Telescope. Image credit: NASA, ESA, CSA, and STScI.

1.1 Young Stellar Objects

1.1.1 From Molecular Clouds to Stars

Giant molecular clouds extend from hundred to thousands of parsecs (pc), and are observed to
show over-dense filamentary sub-structures. The filaments are not uniform, but are character-
ized by faint areas and more dense ones, the latter resembling spherical cores with a typical
size of ∼ 0.1 pc (see e.g., Smith et al. 2016, and references therein). The origin of these sub-
structures is still debated, with one of the scenarios being turbulence produced by interactions
with other molecular clouds or by supernova shock-waves, leading to gravitational collapse,
with formation and consequent fragmentation of the filaments into cores (e.g., Habe et al. 1992).
Star formation and evolution theory suggests that if a core is massive and compact enough,
with critical values set simplistically by the Jeans mass (MJ ∝ T 3/2ρ−1/2) and the Jeans length
(RJ ∝ T 1/2ρ−1/2), it will continue to collapse, following the virial theorem, meaning that half the
gravitational potential energy is radiated away and half is converted into thermal energy (Jeans
1928; Prialnik 2009). A collapsing core is considered the first stage of the stars’ life, and it is
labeled as a young stellar object (YSO) of Class 0, following the classification of Lada (1987)
and Andre et al. (1993), based on the spectral energy distribution (SED) slope between 2 and
25 µm. These objects are characterized by a SED produced only by a cold black body function
in the sub-millimeter range, since the star is yet not formed.

The collapse of the gaseous core is thought to be not spatially uniform in its velocity, but it is

2



1.1 Young Stellar Objects

Figure 1.2: Depiction of the different star formation stages, their SED, and their Lada (1987)
classification. In the SED plots, the star is marked in yellow and the circumstellar material in
red. Figure adapted from (Gargaud et al. 2015).

faster the closer to the core center of mass, leading to the formation of a proto-star embedded
in an infalling envelope that still accounts for most of the system mass (e.g., Larson 2003). Ad-
ditionally, due to the conservation of angular momentum, quantity calculated to be high in the
solar system (Armitage 2007), the envelope will flatten his shape into a disk, as the size of the
core decreases and the gas angular velocity increases. This evolutionary scenario interprets the
origin of the observed YSOs labeled as Class I, characterized by a SED produced by a relatively
weak stellar black-body, by the envelope cold black body, and by an additional strong infrared
(IR) flux excess, arising from stellar light re-radiation by the material surrounding the star. In
this phase the proto-star is not optically visible due to the optically thick envelope. Common to
this class is the presence of ionized material outflows, in the form of jets and stellar/disk winds
(e.g., Tafalla et al. 2017, and references therein).

The proto-star is expected to continue its collapse, accreting material from its circumstellar disk
and dissipating the envelope, until it is hot enough to burn deuterium (e.g., Larson 2003). The
proto-star reaches the so-called pre-main-sequence (PMS) phase, where YSOs are labeled as
Class II. Envelopes and outflows (if present), as well as the IR excess emission seen in the SED,
are fainter with respect to the ones of Class I objects. As the star collapses and accretes more
and more circumstellar material, in conjunction with the dissipating effects of stellar radiation
and winds, the system reaches the end stage of the PMS phase, marking the Class III YSOs.
These objects show a very faint IR emission excess, arising from an almost depleted disk, re-
ferred to as “debris disk” (see Chapter 2 for a more detailed summary of their properties). In
Fig. 1.2 a depiction of the star formation and evolution phases is shown, as well as their charac-
teristic SED. Once the nuclear reactions in the star interior counterbalance gravity, the star stops

3



Introduction

collapsing, reaching the so-called main-sequence (MS), a long-lived stable phase characterized
by hydrogen burning (e.g., Larson 2003). The star formation process is completed.

1.1.2 Herbig Stars

Herbig Ae/Be stars are optically visible PMS stars characterized by a relatively high mass,
canonically ranging between ∼ 2 and ∼ 12 M⊙. They belong to the YSOs Class II or III of
Lada (1987) classification. Historically, Herbig Ae/Be stars were classified as such on the base
of three criteria set by Herbig (1960): emission line objects with a spectral type A or earlier,
located in an obscured region, and that illuminate nearby and bright nebulosities. Additional
criteria were added through the years, like the presence of IR excess and photometric variability
(The et al. 1994), but nowadays none of them is a necessary requirement to classify a star as
Herbig Ae/Be, since this group encloses objects with a relatively wide range of ages (e.g.,
Vioque et al. 2018). One common characteristic that these early spectral type stars nonetheless
share is the fact that they show prominent IR excess due to thermal re-radiation by their dusty
circumstellar accretion disks (e.g., Garufi et al. 2022), sign of their PMS nature.

1.1.3 Herbig Stars SEDs Classifications

The SEDs of Herbig Ae/Be stars show different slopes and a wide range in the amount of IR
excess, reflecting the different properties of the stars and their circumstellar environment (Garufi
et al. 2017a, and references therein). Based on their SEDs, these stars have been classified in
subgroups following diverse criteria. The most famous and first of such classifications was done
by Meeus et al. (2001), who defined two families, Group I and Group II. Sources are classified
as Group II if they show a continuous spectrum that can be described by a single power law,
from the IR to the sub-millimeter range, which would be produced by thermal emission from
∼ 10 K to ∼ 1500 K. Sources are classified as Group I if the continuum fit needs an additional
strong black-body component in the far-IR.

Later, the classification in the two groups was defined quantitatively through the slope of the
mid-IR SED, given by the ratio between the flux at 30 µm and the one at 13.5 µm, F[30/13], which
gives an estimate of the warm dust continuum (Acke et al. 2009). Sources showing a flux ratio
smaller than 2.2, show also a far-IR excess larger than 10% of the star luminosity, and are
classified as Group I sources. Sources showing a larger flux ratio, show instead a far-IR excess
smaller than 10%, and are classified as Group II (Garufi et al. 2017a). Finally, the most recent
classification was proposed by Banzatti et al. (2018) based on the near-IR and far-IR excess
plane shown in Fig. 1.3. Indeed, the authors found that all the Group II stars of their sample,
i.e. with F[30/13] < 2.2, are characterized by a near-IR excess ranging between 14% and 19%,
while for their Group I sample, i.e. sources with F[30/13] > 2.2, they found two subgroups, one
characterized by a low (≲ 10%) near-IR excess, and a second characterized by a high (> 20%)

4



1.1 Young Stellar Objects

Figure 1.3: Near-IR versus far-IR excess as fraction of the stellar luminosity for the sample
of stars studied in Garufi et al. (2022). The dashed lines represent the suggested separation
between low and high excesses. Laterally, the SEDs for each quadrant is shown. Figure from
Garufi et al. (2022).

one. The 10% value was then used to split the near-IR and far-IR excess plane in four quadrants,
in which the Herbig stars locate in three clusters.

1.1.4 Meeus Groups Disks Properties

The two Meeus groups are thought to be associated to different star and disk properties, like
photometric variability (e.g., Dullemond et al. 2003), the presence of organic molecules (e.g.,
Acke et al. 2004), and disk geometry (e.g., Dullemond et al. 2004a). The idea of an evolutionary
link between the two groups seemed reasonable, in which the younger Group I sources would
evolve through dust settling and grain growth to Group II ones (e.g., Dullemond et al. 2004a,b).
Recent observations have shown the presence of gaps in the disks of a significant portion of the
Group I sources, while for Group II ones, no or only very small (∼ 1 au) interferometric cavities
have been observed (e.g., Fedele et al. 2018; Gravity Collaboration et al. 2019; Honda et al.
2015; Maaskant et al. 2013; Menu et al. 2015). In the latter sources, the innermost region of
the disk, being so close to the star, is directly exposed to the stellar radiation, it reaches very
high temperatures and increases its volume, getting “puffed-up”. A shadow effect is created that
shields the outer part of the disk, characterized by a flattened surface (Dong 2015; Dullemond
et al. 2004a). This picture would explain why Group II sources don’t show the additional SED
far-IR black-body component, seen instead in Group I ones. The presence of the cavity in
these latter sources would make so that the star radiation reaches the outer parts of the disk,
characterized by a flared surface instead (see Fig. 1.4), creating the far-IR excess (Dullemond et
al. 2004a, 2001). Moreover, the scenario would explain the contrasting scattered light intensity
observed in the two groups, with the Group II sources showing faint emission and Group I
sources showing a strong one (e.g., Garufi et al. 2017a, 2022).
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Figure 1.4: Herbig Ae/Be stars’ disks depiction proposed by Banzatti et al. (2018) on the base
of their SEDs. Figure from Bosman et al. (2019) adapted by Brittain et al. (2023).

Various mechanisms are thought to produce the inner gaps, like the clearing effect of a low-
mass companion (Papaloizou et al. 1984), magneto-rotational instability (Flock et al. 2015),
or photo-evaporation (Ercolano et al. 2017); gaps that will last throughout the disk life. The
supposedly more evolved Group II sources, characterized by the absence of gaps, make so
that the evolutionary link between the two groups is put into question. Moreover, the fact
that several ALMA observations showed high frequency of small size disks (≲ 30 au) in star-
forming regions (e.g., Cieza et al. 2019), may explain the faint scattered light emission in Group
II sources without relying on the evolution scenario. The instruments used so far to observe
these objects might not have the high angular resolution needed to resolve such small disks
(Garufi et al. 2017a). This is why authors have suggested the two groups being two distinct disk
evolutionary paths, depicted in Fig. 1.5, which have a “common ancestor” characterized by a
continuous flared density distribution (e.g., Garufi et al. 2017a; Maaskant et al. 2013).

1.1.5 Star Accretion in PMS stars

Star formation and evolution theory depict Herbig Ae/Be stars having a convective core and a
radiative envelope once they reach the MS phase after the fully convective PMS stage. In con-
trast, T Tauri stars, the less massive (M≲ 2 M⊙) counterpart of Herbig Ae/Be stars, reach the
MS phase with a radiative core and a large convective envelope. Stars with a mass higher than
∼ 10 M⊙, due to their fast evolution, are not optically visible during their PMS phase (Lumsden
et al. 2013), and reach the MS stage with a fully radiative structure. The different stars’ interior
physics translate in different star properties, like temperature, radius, surface gravity, magnetic
field strength, and therefore accretion mechanism. Material accretion from the circumstellar

6



1.1 Young Stellar Objects

Herbig Ae /Be disksg /

single disk flaring disk primordial flaring disk

(normal SED) (group I)

double disk flat disk transition disk flat disk
(double-peaked (group II) (group I) (group II)

SED)

Waelkens et al. (1994) Meeus et al. (2001) Maaskant et al. (2013)

Figure 1.5: Herbig Ae/Be stars’ disks evolution scenarios proposed in the past. The red boxes
pinpoint the Herbig Ae/Be phase. Figure from Menu et al. (2015).

environment onto the central star is one of the fundamental processes in the life and death of
the circumstellar disk itself. Figuring out the different mechanisms of such phenomenon and in
which conditions they manifest, will help us comprehend the evolution of such objects, still not
clear, especially for the higher mass ones.

For low mass Class II stars, i.e. T Tauri stars, the accretion process is generally recognized
as driven by their strong dynamo-generated magnetic field, i.e. generated by internal convec-
tion and rotation of charged particles (e.g., Donati et al. 2011; Gregory et al. 2012; Johns-Krull
2007; Villebrun et al. 2019). The field truncates the circumstellar disk at a radius of a few stellar
radii, where the ram pressure of the material spiraling inward is counterbalanced by the mag-
netic pressure exerted perpendicular to the field lines (Bessolaz et al. 2008). Here the material
is forced to flow through the magnetic field lines onto the star at free fall velocity, close to its
magnetic poles, creating heated shock regions of a few percent of the stellar surface and produc-
ing X-ray radiation. The radiation is absorbed by the surrounding gas which then re-radiates at
ultra-violet (UV) wavelengths, producing an UV excess, observed in some cases (Curran et al.
2011). For a more detailed treatment of magnetospheric accretion, I refer the reader to Bouvier
et al. (2007a) and references therein.

In higher mass stars, due to their radiative structure, the dynamo process is weaker. This trans-
lates in a significantly weaker magnetic field, which is rarely detected (e.g., Alecian et al. 2013;
Villebrun et al. 2019), and therefore in a smaller disk’s truncation radius. Moreover, the higher
the mass, the higher is the radiation pressure, which hinders the infalling material up to a point
of zero accretion (e.g., Kuiper et al. 2018). In such objects, the puzzling situation of how the
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disk is dissipated, is yet to be clarified. Herbig Ae/Be stars, with their intermediate mass, could
be in this context one of the key objects to study, since they may display the shift from magne-
tospheric accretion to the thus far unidentified accretion mechanism experienced by high mass
PMS stars.

1.1.6 Accretion Diagnostics

Before presenting the latest results and the accreting scenarios proposed for the massive PMS
stars, it is important to remind that to date no direct observations of the accretion process were
made due to the small size (∼ 0.1 au) of the region where these processes take place. This is
why the science community relies on measurements of observables that trace accretion. One of
the most reliable tracer is the UV excess. Through accretion shock modeling of an object’s SED
in the Balmer region, an estimate of its mass accretion rate (Ṁacc) can be derived (e.g., Ingleby
et al. 2013; Mendigutia et al. 2011a). If the stellar mass (M⋆) and radius (R⋆) are known, the
accretion luminosity (Lacc), i.e. the amount of gravitational potential energy converted into UV
radiation, can be as well deduced (e.g., Herczeg et al. 2008):

Lacc ≈ GM⋆Ṁacc

R⋆

(
1 − R⋆

Rtr

)
, (1.1)

where Rtr is the truncation radius, assumed to be ∼ 5 R⋆ for T Tauri stars (Gullbring et al.
1998), and ∼ 2.5 R⋆ for Herbig Ae stars (Muzerolle et al. 2004). Unfortunately, it is not easy to
attain UV observations. One way around to estimate the accretion rate is the use of empirical
correlations, which were found to relate the luminosity of a quite vast group of gas emission
lines (Lline), that would be produced during the accretion flows from the disk onto the star, with
the accretion luminosity (e.g., Mendigutia et al. 2011a):

log
(
Lacc

L⊙

)
= A + B × log

(
Lline

L⊙

)
, (1.2)

where A and B are given by the intercept and the slope of the line fitting the observational
data in the log(Lacc/L⊙) − log(Lline/L⊙) plane (see Fig. 1.6). Example of these spectral tracers
are the Hα-line and the Brγ-line. These correlations were then shown to stem from the more
fundamental correlation between the accretion luminosity and the star luminosity, which is also
used (e.g., Mendigutia et al. 2015).

However, some caution is required when these correlations are adopted. Firstly, one assumes
that all the line emission stems from accretion, which is not the only process that can produce
emission lines, other processes being for examples stellar winds (e.g., Strafella et al. 1998) or
disk-field driven wind (e.g., Ferreira 1997). Secondly, the mass accretion rate estimate through
accretion shock modeling and the estimate of the accretion luminosity, are less reliable the less
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1.1 Young Stellar Objects

Figure 1.6: Left – UV excess accretion luminosity versus He I 10829 Å line luminosity for
Herbig Ae/Be (gray markers) and T Tauri stars (red markers). The samples used are listed in
Fairlamb et al. (2017). Figure from Fairlamb et al. (2017). Right – Hα-line accretion luminosity
versus stellar luminosity for Herbig Ae/Be (white makers) and T Tauri stars (black markers).
The samples used are listed in Wichittanakom et al. (2020). Figure from Wichittanakom et al.
(2020).

reliable are the estimates of the stellar mass, radius, temperature, and distance. Additionally, for
the case of high mass stars, the determination of the UV excess gets more complex, since these
stars intrinsically have a significant UV emission due to their high temperature (e.g., Jiménez-
Donaire et al. 2017). Lastly, the correlations found could be biased. This could be especially
true for the Herbig Ae/Be stars, that are known in small number ∼ 270, in contrast with the
thousands of T Tauri stars. The Herbig Ae/Be stars group is also greatly heterogeneous, since
the sources on the higher end of the mass range are scarse and easily mistaken for MS classical
Be stars (Vioque et al. 2018).

1.1.7 T Tauri and Herbig Ae stars similarities

Returning on the question of the accretion mechanism for high mass PMS stars, in the recent
years more indications have been found on the fact that Herbig Ae stars could experience mag-
netospheric accretion comparable to the one experienced by T Tauri stars. For example, the
correlations found for Herbig Ae stars between the accretion luminosity and the Hα-line (e.g.,
Wichittanakom et al. 2020), the Brγ-line (e.g., Grant et al. 2022), and many other lines (e.g.,
Fairlamb et al. 2017), have comparable slope within the error bars with the ones found for T
Tauri stars. The scatter of the data points in the log(Lacc/L⊙) − log(Lline/L⊙) plane is also com-
parable between the two groups. This is not true for Herbig Be stars, the more massive ones,
as shown in Fig. 1.6 for the He I 10829 Å line and the Hα-line. The breakpoint is found to be
at ∼ 4 M⊙ (Wichittanakom et al. 2020). For higher mass sources, indeed, the mechanism of
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magnetospheric accretion was shown to be not compatible (e.g., Fairlamb et al. 2015).

Additional evidences on the similarity between T Tauri stars and Herbig Ae come, for example
from magnetospheric accretion modeling, spectroscopic variability, and linear spectropolarime-
try studies. Regarding the first method, Muzerolle et al. (2004) showed that their model can re-
produce the profiles of the emission lines observed in the Herbig Ae star UX Ori. Through vari-
ability studies, T Tauri and Herbig Ae stars were observed to share similar variability timescales
and amplitude in the Hα-line strength and equivalent width (Costigan et al. 2014), variability
that can be reproduced by more complex non-axsymmetric magnetospheric accretion models
(see e.g., Bouvier et al. (2007a), and references therein). The variability is found to be sig-
nificantly different in Herbig Be stars with respect to the Herbig Ae ones. For the former,
the Hα-line is more stable, with smaller, or in some cases close to null, variations amplitude
(Mendigutia et al. 2011b). Lastly, similarity were noticed between T Tauri and Herbig Ae stars
in their Hα-line linear spectropolarmetric properties, while Herbig Be stars show distinctive
ones (Ababakr et al. 2017; Vink et al. 2005).

1.1.8 Accretion in Massive YSOs

All the diverse behaviours observed in the Herbig Be stars suggest that a different accretion
mechanism in high mass stars is occurring. However, no clear scenario has emerged up to
now. The most credited one is the so-called “boundary layer” accretion scenario (Lynden-Bell
et al. 1974). Concisely and qualitatively, in this accretion scenario the circumstellar material
extends up to a close distance from the star, where the particles start to release their kinetic
energy by decreasing their velocity from Keplerian to the rotational velocity of the star, until
they are accreted by the latter. The boundary layer scenario was firstly proposed for T Tauri
stars, but it cannot explain some of the properties seen in these objects, like the redshifted
self-absorption and the inverse P Cygni line profiles, reproduced instead by magnetospheric
accretion models (Muzerolle et al. 2001). The boundary layer scenario is instead compatible
with some of the Herbig Be stars properties, like the Hα-line depolarization (Ababakr et al.
2017) and the undersized near-IR continuum emission (e.g., Gravity Collaboration et al. 2019),
both explainable in theory by the fact that the disk basically reaches the star. A conclusion
however cannot be made, since no boundary layer model has been tested in Herbig Be or more
massive stars.

1.2 The Circumstellar Environment of YSOs

The processes of star formation and evolution, and especially the ones of planets, is still a matter
of debate, but it is acknowledged that the circumstellar material plays a major role in them.
Planet formation theories cannot be comprehensive if they do not account for the phenomena
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Figure 1.7: PMS star’s disk structure depiction. The main grain transport and collision mecha-
nism properties are shown on the left. The different lengths of the arrows represent the different
grain velocities. On the right, the different disk regions probed by various wavelengths are high-
lighted by the different colors. Figure adapted from Testi et al. (2014) by Brittain et al. (2023).

giving birth to and happening in protoplanetary disks. This is why the science community has
been motivated in studying these environments, leading to a major theoretical and observational
effort, and improving our knowledge about them.

1.2.1 The Dust and Gas Interplay

The life of dust particles in a protoplanetary disk is directly linked to the gas component in many
different ways. The dynamical properties of the dust grains, for example, are deeply affected by
their more massive gaseous counterpart. Indeed, they do not orbit freely in a Keplerian motion
around the star, but their movement is countered by the gas; a friction effect that under certain
conditions can be quite significant (Whipple 1972). This phenomenon is due to the fact that
while the dust particles are affected by centrifugal and gravitational forces only, which would
result in Keplerian orbits, the gas is affected also by pressure forces that usually point outwards.
These additional forces lead the gas to move in sub-Keplerian velocity orbits, creating a velocity
mismatch between the two components.

The mismatch translates in a deceleration of the dust particles, which lose angular momentum
and spiral towards the disk’s inner regions, phenomenon called “radial drift” (Weidenschilling
1977; Whipple 1972). The intensity of the force exerted on the dust depends on the relative mo-
tion between gas and dust, on the dust particle size, and on the local gas surface density (e.g.,
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Birnstiel et al. 2010; Brauer et al. 2008). The force’s intensity, and therefore how efficiently the
gas and the dust are coupled, can be described by the Stokes number:

St = τsΩK =
πaρ•
2Σg
, (1.3)

where τs = m v/F is the friction time, i.e. the characteristic time scale for acceleration or
deceleration of the dust particles, with m the particle mass, v the particle velocity, and F the
drag force, ΩK is the particle orbital period, a the size of the grain, ρ• its internal density, and
Σg the local vertically integrated gas density. When St ≲ 10−4, the particles are said to be
well coupled to the gas, while, when St ≳ 1 the coupling is weak. The smaller the particle,
the stronger is the coupling. This means that the radial drift effect is stronger on larger grains.
Quantitatively, for particles smaller than ∼ 1 mm, the inward drift velocity is not significant,
while it is of the order of ≳ 50 m s−1 for mm-sized particles and above (Testi et al. 2014). In
about 100 years, large dust grains migrate towards region close to the star to finally be accreted
by the latter (Weidenschilling 1977). Additionally to this inward movement, the drag force
mixes radially and vertically the dust particles due to the gas turbulence (Whipple 1972).

1.2.2 Dust Growth and Destruction

The gas-dust interaction and its consequences presented above, increase the chances of colli-
sion between the dust particles. Depending on the physical and dynamical properties of the
latter, like for example their shape, porosity, chemical composition, charge state, and collisional
velocity, the kinetic energy of two colliding particles can be dissipated efficiently. This can
lead to hysteresis effects at the contact point, which cause a direct hit-and-stick coagulation of
the two particles (Chokshi et al. 1993). The more particles coagulate with time, the more the
resulting body becomes compact, as part of the kinetic energy of the colliding particles is ab-
sorbed, rearranging its internal structure. The hit-and-stick coagulation process starts to become
less efficient as larger grains form (≈ cm size range). The kinetic energy is not dissipated well
enough and the particles bounce upon collision, stage called “bouncing barrier” (Zsom et al.
2010). Moreover, if the kinetic energy of the colliding particles is too high, the collision can
lead to the fragmentation of the two bodies (e.g., Birnstiel et al. 2010; Windmark et al. 2012;
Zsom et al. 2010). The dust in the disk reaches therefore a stage in which growth and destruction
balance each other, and the largest pebbles are accreted by the star, stage called the “meter-size
barrier”. Particles larger than the meter threshold could originate through the “growth by mass-
transfer” process, in which a larger body grows by collision with other smaller low-velocity
particles (e.g., Kothe et al. 2010; Windmark et al. 2012; Zsom et al. 2010). However, it is not
clear yet if planetesimals could form solely by this process. A depiction of the processes taking
place in YSO’s disks is shown in Fig. 1.7. In Fig. 1.8 are shown the different dust collisions
results and the required physical conditions for them to happen.
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Figure 1.8: Top – Collision scenarios between similar-sized and different-sized particles. The
gray color refer to a compact mass. Figure from Zsom et al. (2010). Bottom – silicates collisions
outcomes for different particles sizes and velocities. Left – The collision velocities (in units
of cm/s) are shown in the background. The colored boxes represent the explored parameter
space and results of laboratory experiments by Weidenschilling et al. (1993). Right – results of
laboratory experiments by Windmark et al. (2012). Figure from Testi et al. (2014).
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Surprisingly, since the beginning of the 21st century, numerous observations have indicated
that the outer regions of protoplanetary disks are populated also by mm- and cm-sized dust
particles (e.g., Ricci et al. 2010; van Boekel et al. 2003), as if the radial drift is in some way
counteracted. The best supported explanation for this supposedly inconsistency is the so-called
“dust trap” scenario, in which a region of the disk is characterized by the presence of a pressure
bump, restraining the dust particles (e.g., Klahr et al. 1997). In these regions, the increased
concentration of dust particles, coupled with the low collisional velocities, pushes the standard
gas-to-dust ratio value of 100 close to unity (e.g., Yang et al. 2017), favouring further growth
of the particles into planetesimals through streaming instability (Johansen et al. 2007; Youdin
et al. 2005) or direct gravitational collapse (Goldreich et al. 1973; Youdin et al. 2002). When
the dust trap scenario was proposed in the first decade of the century, the only support on the
theory were observations of disks which showed the presence of gaps and asymmetries (e.g.,
Isella et al. 2010). However, the low angular resolution and the low signal-to-noise ratio of the
images did not allow to recognize the scenario as trustworthy by the science community.

1.2.3 Observations of the Circumstellar Environment

Different methods were used through the years to observe the circumstellar environments of
T Tauri and Herbig stars. Each method is sensitive to distinct emissions and therefore to the
various chemical composition of the materials and the different locations of the emission itself
with respect to the star and the disk midplane. The main three methods are:

• observations of optical and near-IR scattered light emission by ∼ µm size dust particles
located in the disk surface.

• observations of continuum emission in the wavelength range from ∼ 1 µm to ∼ 1 cm by
∼ µm or millimeter size dust grains located respectively in the disk surface and in the
midplane.

• observations of the gas component, that makes the bulk of the disk itself, through spectral
lines emission in the wavelength range from ∼ 1 µm to the millimeter.

Even though one does not get a complete picture of the circumstellar environment, the diverse
properties of the tracers allow to gain useful information on different regions of the disks. In
Fig. 1.9, the three emissions are shown for the disk of the T Tauri star TW Hya. I underline
the various sizes of the emitting components, the distinct locations of the emissions’ peak (due
to the different temperature needed to emit at a particular wavelength), the different degree of
resolution, and the fact that observations through scattered light do not allow to examine the
innermost region of the circumstellar environment (≲ 10 au) due to the contamination of the
disk emission by the central star.
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Figure 1.9: TW Hya disk from three different tracers. Left – scattered light at λ = 1.6 µm (van
Boekel et al. 2017); center – 0.9 mm continuum (Andrews et al. 2016); right – CO J = 3 − 2
spectral line emission (Huang et al. 2018). The white ellipses in the left corner of each panel
represent the resolutions. Each panel spans 500 au on each side. Figure from Andrews (2020).

1.2.4 Observing “Dust Traps”

To observe such overdense disk regions however, angular resolution of the order of ∼ 0.1” is
needed, considering the small size of these features (on the order of 1 to tens of au) with respect
to the size of the disks (hundreds of au), and the distance of the objects ∼ 100-200 pc (even
larger for Herbig Be stars, d ≳ 500 pc). It was only with the advent of ALMA (ALMA Partner-
ship et al. 2015) operations in 2011 that the first indications of dust traps were directly observed.
Remarkable images were obtained for the circumstellar disk around the Herbig star Oph IRS
48 with an angular resolution of ∼ 0.25”, in which a highly asymmetric millimeter continuum
emission is clearly seen (van der Marel et al. 2013). The turning point was not only the asym-
metry, but the fact that the latter is coupled with a CO emission evenly distributed in a gapped
axisymmetric disk, and with an axisymmetric mid-IR continuum disk imaged by VLT/VISIR
(Geers et al. 2007), suggesting the presence of a companion.

Various phenomena are thought to originate radial or azimuthal dust traps, for example the
tidal effects of a sub-stellar companion (Pinilla et al. 2012; Zhu et al. 2012), the capturing effect
of a long-lived vortex (e.g., Klahr et al. 1997), or gravitational instability (e.g., Goldreich et al.
1965; Toomre 1964). The sub-stellar companion scenario was the one proposed for Oph IRS
48. The gap seen in the CO and in the mid-IR continuum disks would have been created by
the clearing effect of the companion, which would generate a pressure bump in the inner rim of
the gap. The bump becomes Rossby unstable, translating in a vortex (e.g., Regaly et al. 2012).
The vortex would trap the particles, more efficiently the bigger they are (e.g., Zhu et al. 2012),
backing-up the asymmetric continuum emission detected by ALMA in the millimeter wave-
length range in Oph IRS 48. The only caveat is the pre-assumption of the companion presence
as cause of the dust trap, and not the other way around, leaving the questions on planet forma-
tion still a matter of debate.
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Figure 1.10: ALMA continuum images of a selection of sources of the sample studied by van
der Marel et al. (2021). The white ellipses show the resolutions.

Figure 1.11: Near-IR scattered-light images of Herbig Ae/Be disks from literature. From left
to right, from top to bottom: Pohl et al. (2017), van der Marel et al. (2021), Muro-Arena et al.
(2018), Hashimoto et al. (2011), Avenhaus et al. (2017), Follette et al. (2017). Figure from
Brittain et al. (2023).

More and more circumstellar disks were observed to be characterized by asymmetries in their
dust millimeter continuum emission by ALMA (e.g., Long et al. 2018), with varying shapes
ranging from peanut-shaped blobs, horseshoe-like features, bright spots in gapped disks, mul-
tiple rings, and a mixture of the above (few cases shown in Fig. 1.10). Similar asymmetries
were also detected in scattered light near-IR emission, for example with VLTI/SPHERE (see
Fig. 1.11, e.g., Beuzit et al. 2019; Garufi et al. 2017b). These instruments biasedly identify
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features located at radii of tens of au with respect to the star, due to a resolution obstacle, since
the disks’ scale-height decreases going towards regions closer to the star, translating in asym-
metries smaller in size and weaker in emission. Observations of the first few au in circumstellar
disks, where terrestrial proto-planet may form, are of prime interest, and only available through
near-IR interferometry, which can reach milli-arcsec (mas) resolution.

1.2.5 The Innermost Regions of YSOs Disks

At the beginning of near-IR interferometric observations with instruments like the Infrared Opti-
cal Telescope Array interferometer (Millan-Gabet et al. 1999), the Palomar Testbed Interferom-
eter (Colavita et al. 1999), and the Keck interferometer (Colavita et al. 2003), only information
on the extent of the inner thermal emitting regions (∼ 0.05 − 4 au) were obtainable (e.g., Eisner
et al. 2004; Millan-Gabet et al. 2001; Monnier et al. 2005). An important result nonetheless was
derived. From the literature data of inner region sizes measured in the H- or K-band, Monnier
et al. (2002) found a positive correlation between the latter and the star luminosity, correlation
shown in Fig. 1.12 for an extended sample of T Tauri and Herbig stars (GRAVITY Collabora-
tion et al. 2021c). The authors suggested this behaviour being due to the presence of a directly
illuminated rim located at the dust sublimation radius (Natta et al. 2001), that can be expressed
as (Kama et al. 2009):

Rsubl =

√
L⋆Cbw

16πϵσT4
subl

, (1.4)

where L⋆ is the stellar luminosity, Cbw is the “backwarming” factor, to account for re-emission
of photons by nearby matter after the first interaction between star’s photons and the disk mate-
rial, ϵ is the cooling efficiency factor, that depends on the chemical and geometrical properties
of the dust grains, σ is the Stefan-Boltzmann constant, and Tsubl the sublimation temperature
of the dusty material, ∼ 1500 K for silicates dust grains (Pollack et al. 1994). Some luminous
objects however do not follow the relationship (e.g., Kluska et al. 2020), and show thermal
emission inside the dust sublimation radius. Scenarios proposed to explain the survival of dust
grains in regions so close to the star are the shielding effect of an optically thick inner gas region
(e.g., Kraus et al. 2008; Monnier et al. 2005) or the presence of refractory dust species that can
survive temperatures of ∼ 2100 − 2300 K (Benisty et al. 2010; Kama et al. 2009).

With the most advanced long-baseline interferometers, like PIONIER (Le Bouquin et al. 2011)
and GRAVITY (Gravity Collaboration et al. 2017), asymmetries were finally seen also at sub-
au scales in the innermost regions of many circumstellar disks (e.g., Gravity Collaboration et al.
2019; Lazareff et al. 2017), with some of them reminding the dust traps seen in the outer disks’
regions. Imaging of a few sources with PIONIER data done by Kluska et al. (2020) are shown
in Fig. 1.13. I underline the arc-shaped feature in HD 45677 and R CrA, and the detected emis-
sion inside the sublimation radius for most of the sources. Although the presence of overdense
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Figure 1.12: RDisk - L⋆ correlation for the T Tauri (blue markers) and Herbig Ae/Be (gray
markers) samples of Gravity Collaboration et al. (2019) and GRAVITY Collaboration et al.
(2021c). The lines represent different disk models with an optically thin inner cavity. The
orange color represent models with dust temperature of 1300 K, while the red a temperature
of 1700 K. Full lines represent models with a dust cooling efficiency of 0.1, dashed lines an
efficiency of 1. Figure from GRAVITY Collaboration et al. (2021c).

regions in protoplanetary disks were observed at all radial extents, their origin still remains an
open question. To discriminate between different hypothesis and models, one approach could be
to spatially resolve these systems at different wavelength and characterize even better the disks’
asymmetries. In this sense, VLTI/MATISSE (Lopez et al. 2014), VLTI/GRAVITY+ (GRAV-
ITY+ Collaboration et al. 2022), and the Next Generation Very Large Array (Di Francesco et al.
2019) could shed light on the matter.
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Figure 1.13: Herbig stars PIONIER reconstructed images. Top: centrally depressed objects;
bottom: centrally peaked objects. The central star (cyan star marker) has been subtracted to
enhance the circumstellar emission. The black contours represent the significance at 1 (dashed
line), 3, and 5σ (solid lines). The blue ellipse shows the size of the beam. The dust sublimation
radius is indicated by the green dashed ellipses. Figure from Kluska et al. (2020).

1.2.6 The Brγ-line Emitting Gas

A generally accepted picture of YSOs is that the bulk of the total mass of these systems comes
from the gaseous component, mainly hydrogen, with a gas to dust ratio of the order of 100.
As mentioned previously, the gas in YSOs is overall observed through the spectral lines arising
from its emission. In the innermost (≲ 1 au) region of YSOs circumstellar disks, the gas can
reach sufficiently high temperature for hydrogen to emit. Relevant for this thesis is the Brγ-
line emission at 2.16612 µm, which requires a gas temperature between 8000 and 10 000 K
(Muzerolle et al. 1998; Tambovtseva et al. 2016), and which arises when the hydrogen electron
transits from the upper energy level characterized by the principal quantum number n = 7, to the
lower energy level with principal quantum number n′ = 4 (Brackett 1922). Useful information
on the kinematics of the gas and hints on the physical processes happening in the emitting region
can be obtained through spectral lines analysis (e.g., Tambovtseva et al. 2016), but such analysis
alone cannot fully determine the origin mechanism of the emission, which is still a matter of
debate. The main scenarios proposed are the following:
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• Heating by stellar radiation of a gaseous disk located inside the dust sublimation radius
(e.g., Gravity Collaboration et al. 2021; Kraus et al. 2008; Tambovtseva et al. 2016). A
double-peaked emission line may be hinting such mechanism, since it reflects a gas disk
in Keplerian rotation (e.g., Gravity Collaboration et al. 2021). This scenario is mainly
relevant for Herbig stars, for which effective temperatures and mass accretion rates are
significantly high to heat the gas (Tambovtseva et al. 2016; Wichittanakom et al. 2020).
T Tauri stars, having lower effective temperatures and mass accretion rates, are not able
to heat the gas at the temperature needed (Bertout et al. 1988).

• Heating by gas accretion onto the star through magnetospheric accretion columns, occur-
ring inside the magnetospheric truncation radius (Muzerolle et al. 1998). This scenario is
thought to be the main contributor of the Brγ-line emission in T Tauri stars, which show
a strong magnetosphere (e.g., Gravity Collaboration et al. 2023; Johns-Krull 2007). It
is instead thought to be marginal in Herbig stars, which show weak or no magnetic field
(e.g., Gravity Collaboration et al. 2023; Järvinen et al. 2019). Asymmetric lines and/or
inverse P Cygni profile may be a hints of this scenario (e.g., Bouvier et al. 2007a; Gravity
Collaboration et al. 2023).

• Heating by magnetically driven stellar or disk wind, which can extend from the co-
rotation radius out to several au (e.g., Ferreira 1997; Mestel 1968). This scenario has
been proposed and tested for both T Tauri and Herbig stars, and it is thought for the lat-
ter to be the main contributor of the Brγ-line emission (e.g., Ferreira et al. 2006; Garcia
Lopez et al. 2015). P Cygni line profile may be a hint of this scenario (e.g., Mestel 1968).

Since the different scenarios can produce similar emitting line profile (e.g., Catala et al. 1999),
and since all the above mentioned processes may occur at the same time but in different spatial
regions, it is crucial to spatially resolve the innermost circumstellar environment. Such obser-
vations would be able to help in discriminating between the competing models (e.g., Gravity
Collaboration et al. 2021, 2023).

1.3 YSOs Variability

Variability in YSOs is a common property. Observed through photometry, spectroscopy, and
interferometry, is associated to variations of both the star and the circumstellar environment.
The variations are seen on disparate time-scales, periodic and non, and with diverse levels of
intensity. Variability is one of the key aspects of any stellar objects, and in the case of YSOs, it
is important to investigate, in order to get information on their birth and evolution processes.
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1.3.1 Photometric Variability

Brightness variations have been detected for a multitude of PMS stars in the visible and in the
near-IR wavelength range (Herbst et al. 1994). One of the most common variations seen are
short-time optical fading events (e.g., Capistrant et al. 2022; Cody et al. 2014). These episodes
are observed in both T Tauri and early-type Herbig Ae/Be stars, for which the obtained light
curves show drops in brightness on the order of 10% to 50%, translating in a magnitude vari-
ability of ∆V ∼ 0.1 − 3 mag. The dimming events can be periodic, quasiperiodic (variable dips’
shape and amplitude), or aperiodic, and last hours, days, or weeks. The causes of the variations
are thought to be due to variable partial occultations of the central star by opaque dust cloud
intersecting our line of sight (e.g., Alencar et al. 2010). This idea is supported by the fact that
similar variable events were observed in the near- and mid-IR, even though characterized by
more modest intensities of the order of ∆V ∼ 0.1 mag, and the fact that they are correlated with
the optical ones (Ansdell et al. 2016; Cody et al. 2014). While some objects follow the correla-
tion, some do not. A possible scenario to explain this behaviour is the presence of cool spot on
the star photosphere and their rotational modulation (e.g., Vrba et al. 1993).

These scenarios described above are consistent with the periodic variations, but not with the
quasiperiodic and aperiodic ones. For the former, an asymmetric magnetically-warped inner
disk edge would obscure the star when crossing our line-of-sight, which would create dips in
the light-curve characterized by variable amplitude due to the star variable accretion rate (e.g.,
Bouvier et al. 2007b). For the aperiodic events, the most up-to-date speculative scenario is stel-
lar photosphere stochastic occultations due to accretion tongues that generate from an unstable
accretion regime (McGinnis et al. 2015). Aperiodic variations are also observed as short and
strong increase in the sources brightness, the so-called “burst” events, which are thought to be
related to accretion shocks (e.g., Stauffer et al. 2014). These are mostly seen in younger sys-
tems, but an analysis of a large sample of PMS stars is needed before making a conclusion (e.g.,
Capistrant et al. 2022). Finally, variation events with moderate brightness increase are also ob-
served as periodic episodes (e.g., Herbst et al. 1994). In this case, the variability is explained by
long-lived hot spots in the stellar photosphere generated by accreting gas flows (e.g., Kulkarni
et al. 2008).

1.3.2 Spectroscopic Variability

Likewise photometric variability, variations of spectral lines have been observed for many PMS
stars. As mentioned earlier, spectral lines are a common accretion tracer of the circumstellar
material into the star. Additionally, they can give information on the kinematics of the gas
closest to the star, like infall accretion or outward wind (e.g., Muzerolle et al. 2004). The
variations can be drastic and are seen on all scales from minutes to years. The lines not only
show changes in their intensity, but they are also seen to turn their profile shape, for example
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from double-peaked to single-peaked, or from double-peaked to a P Cygni profile, and viceversa
(e.g., Catala 1994, and references therein). The cause of the variability are not clear and different
scenarios have been proposed, from variable accretion due to a rotating magnetosphere (e.g.,
Muzerolle et al. 2004), to a combination of magnetospheric accretion and a disk wind or a
bipolar outflow (e.g., Garcia Lopez et al. 2016).

1.3.3 Interferometric Variability

By interferometric variability, I refer in this section to the YSOs photometric variability ob-
served through interferometry. Indeed, the multi-year operations of PIONIER and GRAVITY
revealed that, for a few sources, the innermost circumstellar material shows an emission char-
acterized by a time-variable brightness distribution (e.g., GRAVITY Collaboration et al. 2021b;
Kobus et al. 2020). The variability was detected in the squared visibility, up to ∆V = 0.5, trans-
lating in variations of the flux contribution ratio between the central star and the circumstellar
environment (Kobus et al. 2020), and in the closure phase signals, up to ϕCP ∼ 20◦, reflecting
asymmetric variations of the disk’s emission brightness distribution (GRAVITY Collaboration
et al. 2021b). Finally, as I will show in Chapter 3, variations were also seen in the differential
phases, up to ϕline ∼ 20◦, indicating variability of the emitting gas component photocenter with
respect to the continuum one. The small number of sources in which interferometric variability
was detected is likely a bias. Interferometric observations are usually taken months or years
apart, and with different (u, v)-plane coverage. Long-period, high-cadence observations of the
same object with similar (u, v)-plane coverage, that are needed to assess variability and period-
icity, are rarely available, preventing the study of such phenomenon on such small scales. An
effort is being made by the GRAVITY community and more studies will be possible in the near
future. One of such study is presented in this thesis and constitutes Chapter 3.

1.4 Interferometry

As we grasped in the previous sections, the innermost au of YSOs circumstellar disks are
crowded of fundamental processes, which affect both the dust and gas components. However,
high angular resolution on the order of milli-arcsec is needed to observe such regions, as the
distance of the closest star forming regions are on the order of ∼ 100 − 150 pc. Nowadays, only
long-baseline interferometry manages to reach such resolutions. The following sections present
briefly the basics of interferometry, based on the work of Monnier (2007) and Monnier et al.
(2013), as well as the VLTI instrument GRAVITY with information gathered from GRAVITY
Collaboration et al. (2017).
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1.4.1 Basics of Interferometry

When observing a celestial object with any single telescope, diffraction introduces a limit on the
quality of the obtained images, and limits the angular resolution (Θ) to the Raylegh-criterion,
Θ = 1.22 λ/D, where D is the diameter of the telescope. An interferometer can bypass this
limitation by combining the light collected by two telescopes separated by a distance B, called
baseline. In this way, the resolution achievable is Θ = λ/2B, reaching in the IR values of
the order of milli-arcsec, an order-of-magnitude better than even the Hubble Space Telescope.
Simplistically, the two telescopes act like a Michelson interferometer. The photons are therefore
gathered to the so-called “combiner” to produce interference. The latter produces a fringe
pattern from which useful information about the observed system can be derived. In Fig. 1.14
the patterns derived from observations of a point-like star at infinity and the case of two separate
stars with equal brightness are depicted. The latter case is used to define the angular resolution
of an interferometer, in the way that the system is resolved when the fringe contrast goes to
zero at the longest baseline. For the simple case described here, the fringe contrast, commonly
called visibilityV, is given by:

V = Imax − Imin

Imax + Imin
, (1.5)

where Imax and Imin are the maximum and minimum fringes intensity. The fringe spacing is
given by ∆Φ = λ/B, and to have destructive interference one needs the two signals to be out of
phase with one another by 180◦, i.e. ∆Φ = λ/2B.

The core of interferometry lies in the van Cittert–Zernike theorem (van Cittert 1934; Zernike
1938). The theorem states that the fringe pattern (amplitude and phase), expressed as the
frequency-dependent complex visibility Ṽν(u, v), observed by an interferometer for a certain
object, is equal to the normalized Fourier transform of the brightness distribution Iν(α, β) of the
object:

Ṽν(u, v) = |Ṽν(u, v)|e−iϕṼ =

∫
δΩ

dα dβ Iν(α, β)e−2πi(uα+vβ)

∫
δΩ

dα dβ Iν(α, β)
, (1.6)

where |Ṽν(u, v)| is the modulus of the complex visibility, ϕṼ is the argument of the complex
visibility, referred to as the fringe phase, (u, v) are the projections of the baseline vector onto the
sky plane in units of wavelength, which describe the spatial frequencies of the brightness distri-
bution, and (α, β) the angular coordinates on the sky in units of radians. The spatial frequencies
plane is referred to as the Fourier plane, or the (u, v)-plane, from the coordinates previously
defined. If enough Fourier components of the observed system are collected, one can retrieve
its brightness distribution through an inverse Fourier Transform. Image reconstruction through
interferometry is however only occasionally done, due to the long time needed to fill up the
(u, v)-plane, and, as I will show in this thesis for a particular case, during this time the system
may vary. This is why it is frequent to use observations with relatively poor (u, v)-plane cover-
age by fitting the data with parametric geometrical models, from which important quantities can
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be estimated, like the flux contributions of the different components building the model, usually
a point like source representing the star (or more for multiple stars systems) and a ring/ellipsoid
for the circumstellar environment.

Figure 1.14: Young’s two-slit interferometer ideal response to a single point source (left), and
to a double point source system (right). Figure from Monnier (2007).

If the object observed is characterized by an asymmetric brightness distribution, one can ob-
tained most of the information about it only by analysing the fringe phase. However, atmo-
spheric effects blur the fringes, decreasing the interferometer sensitivity and spoiling the phase
information, by affecting the light-paths to the telescopes. If three telescopes are available, the
problem can be avoided by calculating the so-called “closure-phase”:

Φi jk = ϕ
obs
i j + ϕ

obs
jk + ϕ

obs
ki = ϕ

obj
i j + ϕ

obj
jk + ϕ

obj
ki (1.7)

where ϕobs
i j is the observed fringe phase affected by the atmosphere for the baseline connect-

ing the telescopes i and j, and ϕobj
i j is the pure object fringe phase. The closure-phase is indeed

insensitive of telescope-specific phase shifts induced by atmospheric effects, as the atmospheric-
induced phase delay detected above telescope j, referred as ϕatm

j , is detected as equal but oppo-
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site for baselines (i, j) and ( j, k):

ϕobs
i j = ϕ

obj
i j + ϕ

atm
j − ϕatm

i (1.8)

ϕobs
jk = ϕ

obj
jk + ϕ

atm
k − ϕatm

j (1.9)

ϕobs
ki = ϕ

obj
ki + ϕ

atm
i − ϕatm

k (1.10)

Modern interferometers use multiple telescopes not only to calculate the closure-phases, but
also because the more telescopes used, the larger the number of baselines, making easier to fill-
up the (u, v)-plane. Given N telescopes, the number of baselines is N(N − 1)/2, and the number
of independent closure phases is (N − 1)(N − 2)/2.

Finally, the last two interferometric observables relevant for this thesis are the so-called “dif-
ferential” visibility and phase. The difference between the differential quantities and the non-
differential ones is the fact that the former are retrieved across many spectral channels simulta-
neously. The differential quantities are usually retrieved to obtain information on gas emission
lines. Since the width of the spectral lines (∆ν) is narrow compared to the emission frequency
(e.g., ν/∆ν > 1000), one can assume the atmospheric-induced phase delay to be constant across
the line. The atmospheric-induced phase delay can be therefore avoided by measuring the line
visibility phase relative to the continuum, by subtracting the continuum phase measured on
either side of the line.

1.4.2 VLTI GRAVITY

The Very Large Telescope Interferometer (VLTI) is operated by the European Southern Obser-
vatory and located on Cerro Paranal in the Atacama Desert, north of Chile. The interferometer
uses the light collected in the near and mid-IR wavelength range by four 8.2 m Ritchey-Chretien
Cassegrain telescopes set on fixed locations, called the “Unit Telescopes” (UTs), or by four
movable 1.8 m telescopes, called the “Auxiliary Telescopes” (ATs), that can be relocated on
more than 10 different stations, creating different baselines in length and position angle.

GRAVITY is one of the second generation instruments mounted in the VLTI. It interferometri-
cally combines the light collected by the four telescopes (UTs or ATs) in the K-band, between
1.98 and 2.40 µm, and delivers spectrally dispersed interferometric observables in low (R∼ 20),
medium (R∼ 500), and high spectral resolution (R∼ 4000). The instrument can observe stars
as faint as mK = 10 through the UTs, and mK = 7 through the ATs, in ideal seeing conditions.
One of the key feature of GRAVITY is the possibility of observing two distinct sources simul-
taneously (dual-field mode or off-axis). The light of the primary star is funneled to the so-called
“Science Channel” (SC), while the light of the secondary is funneled to the so-called “Fringe
Tracker” (FT) channel. The fringe position detected by the FT is analysed at a frequency of ap-
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proximately a kHz, allowing for atmospheric effects correction. In this way, the fringe phase of
the primary star observed by the SC can be calibrated to that of the secondary, usually selected
to be similar in spectral type to the primary, bright, isolated, and unresolved, increasing the
possible integration time up to 60 seconds. Observations in single-field mode are also possible,
in which the FT and SC are funneled by 50% each of the light from the same object. Commis-
sioned particularly for observations of the Milky Way galactic center, GRAVITY is used also
to study active galactic nuclei, circumstellar disks and jets around YSOs, binarity assessment,
orbits and masses of substellar companions in multiple star systems, and microlensing, setting
a new standard for IR interferometry.

1.5 Thesis Outline and Goals

Since the start of GRAVITY operations in 2016, a multitude of YSOs has been observed. In
this work I will focus on three different PMS stars, each one of them being a benchmark for
various open-ended questions on YSOs evolution and on the physical processes happening in
their innermost circumstellar regions. In Chapter 2, the attention is put on the Herbig star
HD 141569 and his complex multiple rings circumstellar “hybrid” disk. The full power of
GRAVITY is shown as it was able to detect a very faint dust emission in the first au of the
system, previously thought being dust-depleted. In Chapter 3, a unique variability study of
the innermost gas and dust material around HD 98922 is presented. I suggest a way to bypass
poor (u, v)-plane coverage and to assess variability through interferometry with the GRAVITY
data already available. An orbiting, crescent, dusty feature is suggested by the continuum data
modeling, hinting to a dust-trap scenario at mas scale in the first au of the system circumstellar
environment. In Chapter 4, the quadruple stars system HD 52721 is studied and tested for
interferometric binarity in au scales. A new companion is detected, as well as a complex time-
variable Brγ-line emission. In Chapter 5 I conclude the monograph by summarizing the main
findings and the still open questions, and by posing newly arisen ones.
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Chapter 2

The Hybrid Disk of HD 141569

In this chapter I present a study on HD 141569, which led to the publication of an open-access
peer-reviewed article in the international journal Astronomy & Astrophysics (A&A) in Novem-
ber 2021 (Gravity Collaboration et al. 2021).

2.1 Science Case Overview

All the processes experienced by the gas and dust in the circumstellar environment of a YSO,
like star accretion, star and disk winds, dust sublimation, and planetesimal growth, which were
described in the Introduction Section, will lead to the depletion of the disk itself in a time scale
of ∼ 10 Myr (e.g., Ercolano et al. 2017). Examples of systems considered prototypes of old,
almost depleted disks, which are referred as “debris disks”, are the ones around Vega and β Pic-
toris (e.g., Lagrange et al. 2020; Sibthorpe et al. 2010). In contrast to a young protoplanetary
disk, like the one around AB Aur (e.g., Rivière-Marichalar et al. 2020), in which their large
dust content translates in an optically thick disk at most wavelength ranges, debris disks are
optically thin at all wavelengths. This is reflected by their low integrated fractional luminosity
f = Ldisk/L⋆, or, also often used, by the IR fractional luminosity τ = LIR/L⋆ (e.g., Liu 2021;
Sibthorpe et al. 2018). The fractional luminosity is indeed used to classify disks as protoplan-
etary or debris ones, with a boundary value between τ = 10−3 − 10−2 (e.g., Wyatt et al. 2015).
The difference in IR excess between the debris and the protoplanetary disks is better seen in
the near-IR versus mid-IR colours plane, shown in Fig. 2.1. We note two separate groups. One,
the debris disk group, with low colours values consistent with stellar photosphere emission, i.e.
no or very small µm-size dust particles presence; and one with high colours values reflecting
strong excess emission, the protoplanetary disks group.

The dust component in debris disks is thought to be not a remnant of the primordial disks, but a
product of ongoing collisional processes (e.g., Wyatt 2008, and references therein), since they
show, even if in a smaller amount, IR excess emission attributed to short-lived µm-size dust
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The Hybrid Disk of HD 141569

Figure 2.1: Spitzer near-IR versus mid-IR colours plane for YSOs. Data from Luhman et al.
(2010) and Koepferl et al. (2013). Image from Owen (2016).

particles, despite the old age of the systems (e.g., Decin et al. 2003). As determined from SEDs
analysis, the bulk of the dust is characterized by relatively low temperatures of ≲ 150 K (e.g.,
Liu 2021; Sibthorpe et al. 2018), with few extreme cases in which T ≳ 300 K (e.g., Moór et al.
2021). The lack of hot dust is interpreted in their dust radial distribution as a large inner hole.
The distribution continues quite discontinuously, with multiple narrow rings and gaps located at
tens to hundreds of au from the central star (e.g., Sibthorpe et al. 2018), resembling the Kupier
belt of our Solar System but orders of magnitude brighter (Hughes et al. 2018). Debris disks are
dust-dominated, being their gas component even poorer. The latter was previously thought to
be completely vacant, but recently its low intensity emission has been detected in more systems
thanks to the sensitivity of ALMA (e.g., Nilsson et al. 2012). The gas origin in debris disks is
still a matter of debate, being proposed to be a remnant of the primordial disk, or having a sec-
ond generation nature from collisional vaporization of icy dust grains or sublimation of comets
(e.g., Beust et al. 1990; Czechowski et al. 2007).

Transitional disks are circumstellar environments with characteristics in between the protoplan-
etary and the debris disks ones, having a significant amount of gas and being poor in near-IR
excess (e.g., Moór et al. 2017, and references therein). Based on their position in the near-IR
versus mid-IR colours plane of Fig. 2.1, they have been hypothesised to fill the theoretical evo-
lutionary gap between the two disk stages, and to be in an active disk dispersal phase (e.g.,
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2.1 Science Case Overview

Figure 2.2: HD 141569 SED and Spitzer-IRS spectrum fit by Thi et al. (2014).

Kenyon et al. 1995). The fact that they are located in a region of the plane characterized by a
high mid-IR excess and an almost null near-IR one, suggests that the disks’ dispersal process
proceeds from the inside out (Owen 2016). HD 141569 is the benchmark of such systems. Its
fractional luminosity τ0 = 8 × 10−3 was indeed used as boundary value to separate debris disks
(τ < τ0) from protoplanetary ones (Hughes et al. 2018; Sylvester et al. 1996). From analysis of
its SED, shown in Fig. 2.2, the disk of the source has been depicted having a total dust mass of
5 × 10−6 M⊙ and a dust-depleted inner hole, up to 5 au from the central star (Thi et al. 2014).
The inner hole scenario stems from the featureless SED in the near-IR wavelength range, con-
sistent with pure stellar photosphere emission, relating the system more to debris disks than
protoplanetary ones. However, it is known that SED modeling is highly degenerate, giving
loose constraints on the disk parameters (Thamm et al. 1994). Moreover, a significant amount
of gas has been detected in both atomic (H) and molecular form (CO) (e.g., Di Folco et al.
2020; Eisner et al. 2009; Mendigutia et al. 2017), with a total mass estimated to be 5× 10−4 M⊙
(Di Folco et al. 2020), leading to a gas-to-dust ratio of 100, canonical value for protoplanetary
disks. HD 141569 Brγ-line and Hα-line emission show signatures of a Keplerian-rotating gas
disk, as hinted by the double-peaked lines shape. Interferometric spatially unresolved observa-
tions constrained the gas inside the first ∼ 0.15 au of the system (Eisner et al. 2009; Mendigutia
et al. 2017), raising questions on the gas origin and survivability mechanisms. On the base of
HD 141569 peculiar nature, the object was observed with GRAVITY, to assess the presence of
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hot dust inside the supposedly dust-depleted inner region.

2.2 Goals of the Study

As my first work of my PhD project, the goals of this study were to gain a general understanding
of interferometric data, and to acquire the competence and know-how to analyse them. Specifi-
cally for the case of HD 141569, the goal of the paper was to get information on the innermost
au regions of the system, like the geometry of the K-band continuum, the dust properties, and
the dynamics of the Brγ-line emission. Being HD 141569 a benchmark for transitional disks,
the study will help on improving the vague picture of such systems.

2.3 Approach, Steps, and Article

The study is based mainly on GRAVITY data. The data were taken within the framework of
the Guaranteed Time Observations (GTO) YSO program. They came in my possession already
reduced and calibrated, processes done with the GRAVITY data reduction software (Lapeyrere
et al. 2014). As first author of a large cooperation article, and as my first work of my PhD
project, here I list the actions done from my side:

(i) Literature study on the state-of-the-art of YSOs general science case, with particular at-
tention on Herbig Ae/Be stars, their circumstellar dusty and gaseous environment, and the
observational techniques used.

(ii) In depth literature study on HD 141569. Steps (i) and (ii) allowed me to write the Intro-
duction Section of the article.

(iii) Literature study on interferometry, on the VLTI/GRAVITY instrument, and on its output
data files format (OIFits file). This allowed me to understand and work with the interfero-
metric data, and to write the Observation Section and the Data Description Section of the
article.

(iv) Literature study on interferometric data fitting procedures through parametric geometrical
models, and on the emcee python package, an MIT licensed pure-Python implementation
of Goodman & Weare’s Affine Invariant Markov chain Monte Carlo (MCMC) Ensemble
sampler (Foreman-Mackey et al. 2013), used for data fitting process.

(v) Regarding the FT data, a Python code was written to clean the data of outliers, and to fit
them with emcee through parametric geometrical models based on the ones of Berger et
al. (2007) and Lazareff et al. (2017), in order to get information on the shape of the K-band
continuum emission and the flux contribution of the circumstellar environment. I present
more details in the Methodology Section of the article. A Gaussian-ellipsoid model and
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a ring one representing the circumstellar environment were tested for the GRAVITY data
of HD 141569, with the fit procedure favouring the latter.

(vi) A Python code was written to check for degenerate fitting solutions by looking for possible
local minima in the parameters’ χ2 maps.

(vii) Regarding the SC data, a Python code was written to: 1) clean the data of outliers; 2) apply
a wavelength calibration based on the atmospheric telluric lines position, radial velocity
of the star, and the local standard of rest velocity; 3) correct the Brγ-line spectrum for the
telluric lines absorption; 4) account for the star Brγ-line photospheric absorption feature;
5) fit the visibilities with parametric geometrical models in order to get an estimate of the
emitting gas region size; 6) calculate the pure-line differential phases and the pure-line
photocenters shifts. I present more details in the Methodology Section of the article. The
analysis led to the confirmation of the Keplerian-rotating disk geometry for the Brγ-line
emitting gas.

(viii) I remark here that the Keplerian-rotating axisymmetric disk geometrical model presented
in Section 5.3 was produced by Alois de Valon (De Valon 2021). I used the model to
test this scenario on the Brγ-line emission of HD 141569. The emission of the object
follows at first order the model. Deviations from Keplerian velocity were detected and are
addressed in Section 2.4.

(ix) Literature study of the radiative transfer (RT) code MCMAx (Min et al. 2009). Learned
how to use the code with the tutoring of Dr. Lucia Klarmann. The goal was to produce
SEDs from physical models, and fit the photometric data of HD 141569 in order to get
information on the dust properties of the newly detected innermost component. Three dif-
ferent dust chemical compositions were tested, namely, pure silicate grains, carbonaceous
silicate grains, and quantum-heated particles. Only the latter were able to reproduce the
near-IR flux excess estimated by GRAVITY and at the same time being consistent with
the photometric data, featureless in the 10 µm silicate emission.

(x) In combination of a literature study on topics relevant to the results obtained, the work
done in the steps above allowed me to write the Results and the Discussion Section of the
article, as well as the Abstract and the Summary.

(xi) All the images and Tables were produced by myself with Python and the matplotlib
package (Hunter 2007), except for Fig. 8 of the article, which was adapted from Di Folco
et al. (2020).

The approach, tools, equations, models, and additional data used to carry out the work are
properly referenced in the article.
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ABSTRACT

Context. The formation and evolution of planetary systems impact the evolution of the primordial accretion disk in its dust and gas
content. HD 141569 is a peculiar object in this context as it is the only known pre-main sequence star characterized by a hybrid disk.
Observations with 8 m class telescopes probed the outer-disk structure showing a complex system of multiple rings and outer spirals.
Furthermore, interferometric observations attempted to characterize its inner 5 au region, but derived limited constraints.
Aims. The goal of this work was to explore with new high-resolution interferometric observations the geometry, properties, and
dynamics of the dust and gas in the internal regions of HD 141569.
Methods. We observed HD 141569 on milliarcsecond scales with GRAVITY/VLTI in the near-infrared (IR) at low (R ∼ 20) and
high (R ∼ 4000) spectral resolution. We interpreted the interferometric visibilities and spectral energy distribution with geometrical
models and through radiative transfer techniques using the code MCMax to constrain the dust emission. We analyzed the high spectral
resolution quantities (visibilities and differential phases) to investigate the properties of the Brackett-γ (Brγ) line emitting region.
Results. Thanks to the combination of three different epochs, GRAVITY resolves the inner dusty disk in the K band with squared
visibilities down to V2 ∼ 0.8. A differential phase signal is also detected in the region of the Brγ line along most of the six baselines.
Data modeling shows that an IR excess of about 6% is spatially resolved and that the origin of this emission is confined in a ring
of material located at a radius of ∼1 au from the star with a width .0.3 au. The MCMax modeling suggests that this emission could
originate from a small amount (1.4× 10−8 M⊕) of quantum-heated particles, while large silicate grain models cannot reproduce at the
same time the observational constraints on the properties of near-IR and mid-IR fluxes. The high spectral resolution differential phases
in the Brγ line clearly show an S-shape that can be best reproduced with a gaseous disk in Keplerian rotation, confined within 0.09 au
(or 12.9 R?). This is also hinted at by the double-peaked Brγ emission line shape, known from previous observations and confirmed by
GRAVITY. The modeling of the continuum and gas emission shows that the inclination and position angle of these two components
are consistent with a system showing relatively coplanar rings on all scales.
Conclusions. With a new and unique observational dataset on HD 141569, we show that the complex disk of this source is composed
of a multitude of rings on all scales. This aspect makes HD 141569 a potentially unique source to investigate planet formation and disk
evolution in intermediate-mass pre-main sequence stars.

Key words. protoplanetary disks – infrared: planetary systems – techniques: interferometric – stars: individual: HD 141569

1. Introduction

The formation and evolution of protoplanetary disks are directly
linked to planet formation. The outer disk features of young
stellar objects (YSOs) have been thoroughly studied in the past
through scattered light imaging (e.g., with SPHERE/VLT, Beuzit
et al. 2019) and with ALMA in the (sub-)millimeter range

? GRAVITY is developed in a collaboration by the Max Planck
Institute for Extraterrestrial Physics, LESIA of Paris Observatory and
IPAG of Université Grenoble Alpes/CNRS, the Max Planck Institute
for Astronomy, the University of Cologne, the Centro de Astrofísica e
Gravitação and the European Southern Observatory.

(ALMA Partnership 2015). With both techniques, disk obser-
vations have shown rings, gaps, and asymmetric structures up
to a few hundred au (e.g., Lodato et al. 2019; Benisty et al.
2017). The inner regions (at ∼au scale) of such disks are also
of prime interest since key processes like gas accretion flows,
winds, outflows, and dust sublimation take place. All these pro-
cesses affect the dynamics and evolution of the first few au
regions where terrestrial planets may form and/or migrate over
few million years. Constraints on these processes can be derived
indirectly through spectroscopic studies, but at typical distances
of a few hundred parsecs only observations with milliarcsec-
ond (mas) resolution, which are required to probe sub-au scales,
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can discriminate between competing models. Numerous inter-
ferometric studies have been conducted in the past in the near-
and the mid-infrared (IR), for instance with IOTA (Millan-Gabet
et al. 2001), the Palomar Testbed Interferometer (PTI; Eisner
et al. 2004), the Keck Interferometer (Monnier et al. 2005; Eisner
et al. 2014), and the VLTI (Menu et al. 2015; Lazareff et al. 2017;
GRAVITY Collaboration 2019). To date, the new generation of
four-telescope instruments including GRAVITY, operating in the
K band (GRAVITY Collaboration 2017), and MATISSE, oper-
ating in L to N band (Lopez et al. 2014), are pushing further
the achievable spectral coverage, the sensitivity, and precision
of interferometric measurements. Even though statistical stud-
ies of large YSO samples are of high relevance (Lazareff et al.
2017; GRAVITY Collaboration 2019), some of these objects
require a more in-depth study enabled by the improved data
quality of recent interferometric observations. Some objects,
like HD 141569, are unusual in their evolutionary sequence and
require dedicated studies. For such systems the exact nature and
properties of the very inner regions are still a matter of debate
and can be solved in part by modeling the distribution of the
warm dust traced in the K band. Furthermore, it is still unclear
how to characterize the star–disk mechanisms traced by emis-
sion lines like the hydrogen Brackett-γ (Brγ ∼ 8000–10 000 K)
and CO (T ∼ 2000–3000 K) bandheads, and where this emis-
sion occurs. The high-quality spectroscopic capabilities of the
GRAVITY instrument allows us to study in detail the gas phase
and its spatial morphology thanks to the interferometric visi-
bilities and differential phase signals (GRAVITY Collaboration
2020a,b, 2021).

HD 141569 is a Herbig star classified as a B9-A0 spectral
type (Augereau & Papaloizou 2004), with an effective temper-
ature of 9750± 250 K, an estimated age of 7.2± 0.02 Myr, a
luminosity between 16.60± 1.07 L� (Vioque et al. 2018) and
27.0± 3.6 L� (Di Folco et al. 2020), a mass of 2.14± 0.01 M�,
and a Gaia distance of 110± 1 pc (Arun et al. 2019)1. It is a
non-flaring disk system with little mid-IR excess classified as
a group-II source (Meeus et al. 2001). It is the only known pre-
main sequence star characterized by a hybrid disk (Wyatt et al.
2015; Péricaud et al. 2017; Di Folco et al. 2020), an evolutionary
disk state between the protoplanetary and debris-disk regimes.
Near-IR imaging spatially resolved an optically thin disk con-
sisting of two rings located at about ∼280 and ∼455 au from the
star Augereau et al. (1999); Weinberger et al. (1999); Biller et al.
(2015). A more complex system is shown in the visible, consist-
ing of multiple rings and outer spirals that could be explained
through perturbations by two nearby (∼7.5 arcsec) M dwarfs, or
by planetary perturbations (Augereau & Papaloizou 2004; Wyatt
2005; Reche et al. 2009). Fisher et al. (2000) found a warm disk
component up to 110 au at 10.8 and 18.2µm, later confirmed
by Marsh et al. (2002). The short-wavelength counterpart of
this component was detected by Mawet et al. (2017) through L′
imaging and ranging between 20 and 85 au. Emission at 8.6µm
was detected by Thi et al. (2014), and was interpreted as emis-
sion from polycyclic aromatic hydrocarbons (PAHs). NOEMA
and ALMA observations in the millimeter range showed contin-
uum emission equally shared between a compact (.50 au) and a
smooth extended dust component (∼350 au), with large millime-
ter grains dominating the inner regions and smaller grains in the
outer ones (Di Folco et al. 2020). Finally, inner disk features were
detected by SPHERE in the Y, J, H, and K bands (Perrot et al.

1 The recent distance estimate in the new EDR3 of Gaia suggests
111.6± 0.4 pc. Considering the very close value to DR2, we decided to
keep the former distance throughout the paper.

2016) and by Keck/NIRC2 in the L′ band (Currie et al. 2016)
at physical separations of 45, 61, and 88 au. These results point
out the high morphological complexity of the outer disk in the
HD 141569 system.

Little is known about the central astronomical units of the
system. The spectral energy distribution (SED) of HD 141569
alone does not help us in this sense since the IR excess is very
small (see Fig. 9 of Thi et al. 2014). The majority of the K-
band measurements listed in Table G.1 reflect a featureless SED
in the near-IR. Moreover, pure SED fits obtained by different
authors (Li & Lunine 2003; Merín et al. 2004; Thi et al. 2014)
may suggest at first that the near-IR emission is exclusively pho-
tospheric in nature and that the disk contributes only at longer
wavelengths. The object was observed at milliarcsecond resolu-
tion in the K band with the PTI and the Keck interferometer, but
it was spatially unresolved (Eisner et al. 2004, 2009). Monnier
et al. (2005) derived a 10 mas upper limit in radius for the spatial
extension of the K-band emission. Therefore, trustworthy infor-
mation on the first 5 au of the system are scarce, and the question
arises of whether the inner region of the disk could be already
in a debris disk stage, where the SED fits in the near-IR are not
accurate enough to detect such a faint excess.

The circumstellar gas has been observed in both atomic and
molecular form, which suggests the system has not yet reached
the gas-depleted stage characteristic of a debris disk system.
Mendigutía et al. (2017) set an upper limit of ∼0.11 au for the gas
region responsible for the spatially unresolved double-peaked
Hα emission. A comparable upper limit of ∼0.13 au for the Brγ
line emitting region is suggested by Eisner et al. (2009). Both
lines are observed to be not variable over timescales of days and
years (Eisner et al. 2015; Mendigutía et al. 2011b). In addition
to hydrogen, CO ro-vibrational emission (v ≥ 1, ∆ v= 1) was
observed by many authors extending from 10 to 275 au (Dent
et al. 2005; Goto et al. 2006; Brittain et al. 2007; Flaherty et al.
2016; White et al. 2016; Miley et al. 2018; Di Folco et al. 2020).

We present here the first GRAVITY interferometric observa-
tions of this disk, with the goal of revealing the geometry and
dynamics of the internal structure of HD 141569, and of gaining
insights about the dust and gas properties. Section 2 describes
the observations; Sects. 3 and 4 present the observational data
and the adopted methodology; Sect. 5 describes the results of
the possible scenarios along with the corresponding modeling; a
discussion is developed in Sect. 6.

2. Observations

HD 141569 was observed with VLTI/GRAVITY (GRAVITY
Collaboration 2017) using the four 1.8 m Auxiliary Telescopes
(ATs), on March 18 and July 12, 2019, in the intermediate D0-
G2-J3-K0 configuration, and on May 23, 2019, in the large
A0-G1-J2-J3 configuration. The observations span a spatial fre-
quency range between about 15 and 65 Mλ (see Fig. 1, left
panel) with a maximum angular resolution of λ/2B, about 1.7
mas for the longest baseline (B) of 130 m, which corresponds
to about 0.19 au at a distance of 110 pc. The data consist in
high spectral resolution (R∼ 4000) observables recorded by the
science channel (SC) detector over the whole K band with indi-
vidual integration times of 30 s and in low spectral resolution
(R∼ 20) observables recorded by the fringe tracker (FT) detector
(five spectral channels over the K band at 1.908, 2.058, 2.153,
2.256, 2.336µm) at frame rates of ≈300 and ≈900 Hz (Lacour
et al. 2019). Each observation block corresponds to 5 min on the
object. In total, three files were acquired in March 2019, one in
May 2019, and eight in July 2019. HD 141569 observations were
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Fig. 1. HD 141569 FT data; squared visibilities (left panel), closure phases (central panel), and U-V plane coverage (right panel), from all the
observation epochs. Colors refer to the different GRAVITY spectral channels.

preceded by the observation of a point-source calibration star,
close to our object on the sky, and of similar spectral type and
brightness in order to calibrate the atmospheric and instrumen-
tal transfer function. We observed the calibrator HD 137006 in
March and July 2019, and the calibrator HD 141977 in May 2019.
Further details on the executed runs and observing conditions
are given in Table A.1.

3. Data

All the data were reduced and calibrated using the GRAVITY
data reduction software (Lapeyrere et al. 2014). For the low-
resolution FT data we discarded the first spectral channel, which
can typically be affected by the metrology laser operating at
1.908µm. Figure 1 shows the U-V plane coverage and the FT
calibrated squared visibilities and closure phases (right, left, and
center panel, respectively). Following GRAVITY Collaboration
(2019), we applied a floor value on the error bars of 2% for the
squared visibilities and 1◦ on the closure phases as the error bars
computed by the pipeline might be underestimated or correlated.
We observe that GRAVITY partially resolved the near-IR emis-
sion in HD 141569 with squared visibilities between 0.8 and 1.0.
Therefore, the data can be used to estimate the characteristic size
of the dust environment (see Sect. 5.1). Moreover, with the inclu-
sion of the May 2019 large configuration data, we observe that
the visibility reaches a plateau at almost all spatial frequencies,
allowing us to constrain near-IR flux contributions of the star and
environment.

Since the closure phases are consistent with 0◦ at all base-
lines and for all the epochs, we can confidently consider the
emission to be centro-symmetric on the spatial scale of our
observations, and we therefore discard the hypothesis of a close
companion as the origin of the resolved emission, at least within
the 250 mas (∼28 au) field of view of GRAVITY with the ATs.

For the high-resolution SC data, we concentrated on the July
2019 dataset only since this is the epoch where we gathered the
highest number of files. In order to optimally exploit the SC
dataset, the eight files from July 2019 have been merged in order
to increase the signal-to-noise ratio per spectral channel. Consid-
ering that the maximum span in position angle between the two
extreme positions of the UV coverage is only ∼4 ◦, we do not
expect any visibility smearing of the data due to differences in
hour angles. The error bars were computed as the standard devi-
ation between the eight files of the corresponding differential
quantity (visibility or differential phase) in each spectral channel.
For instance, we derived the absolute error on the visibility to
about 1.8%. Figure 2 shows the visibility amplitude (left panels)
and the differential phase (right panels) for the six baselines in

Fig. 2. Science channel data of July 2019. Top left: wavelength-
calibrated continuum-normalized spectrum, corrected for telluric lines.
Top right: same as top left, but corrected for the Brγ photospheric
absorption. Differential phases (left column) and visibilities (right col-
umn) along the six GRAVITY baselines. The red lines in the visibility
plots show the pure-line visibilities.

the region of interest of the Brγ line, between 2.15 and 2.18µm.
The top panels show the object spectrum normalized to the con-
tinuum, corrected for telluric lines (left plot), and corrected for
both telluric lines and photospheric absorption (right plot). The
visibilities appear to be spectrally flat with no clear signature at
2.16612µm. They are measured to vary between 0.9 and 0.96 as a
function of the baseline, which is indicative of a compact region
well inside the dusty disk. Interestingly, the differential phase
signal is more marked at the position of the Brγ line. We observe
a clear S-shaped signal through baselines J3-D0 (100.1 m, 220◦)
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and J3-K0 (53.6 m, 152◦), and a weaker signal through baselines
J3-G2 (62.1 m, 223◦) and D0-G2 (38.2 m, 36◦). No clear signal
is detected within the error bars through the baselines D0-K0
(95.1 m, 72◦) and G2-K0 (68.1 m, 92◦).

In order to study the Brγ line gas region using the SC high
spectral resolution data, we need precise measurements for the
line-to-continuum flux ratio. It is essential to perform a proper
wavelength calibration of the spectrum and to take out the con-
tribution by the telluric lines. We describe the whole procedure
in Appendix C. Errors are from the original data, reduced and
calibrated through the GRAVITY data reduction software.

The high-resolution GRAVITY spectrum of HD 141569 (see
top panels of Fig. 2) shows a double-peaked Brγ emission line.
Since the error associated with the GRAVITY wavelength cal-
ibration is ∼3 Å, the two peak positions can be considered to
be symmetric with respect to the Brγ wavelength rest position.
Both the double-peaked emission line and the S-shaped feature
in the differential phase suggest a scenario where the gas emit-
ting in the Brγ line could be in Keplerian rotation. We explore
this hypothesis further in the following sections.

4. Methodology

The properties of the spatially resolved continuum emission were
first investigated with the help of low spectral resolution FT
data (see Sects. 4.1 and 5.1). The squared visibility curve was
modeled through chromatic geometrical models accounting for a
point-like central star, and simple geometrical shapes (Gaussian
geometrically thin rings, Gaussian-convolved infinitesimally thin
rings) representing the circumstellar environment. Useful infor-
mation was obtained such as the star-to-dust flux ratio, the dust
spectral index, and the spatial distribution of the dust. To gain
further information on the dust emission properties, we inves-
tigated through radiative transfer (RT) modeling the impact of
such a component on the SED (see Sect. 5.2). We used the
RT code MCMax (Min et al. 2009), which solves 2D RT (e.g.,
Bjorkman & Wood 2001) to calculate the dust density and tem-
perature structure of a given disk setup. In Sects. 4.2 and 5.3 we
discuss the high-spectral resolution SC data in the Brγ region
used to constrain the spatial scale of the hot gas emitting com-
ponent through modeling of the visibility curves, and through
the analysis of the Brγ spectrum under the assumption of a gas
disk in Keplerian rotation. Further information on the gas region
size and its dynamical properties were derived through the anal-
ysis of the differential phases and the resulting photocenters
shifts. Finally, an analytical axisymmetric Keplerian disk model
is compared to our observations.

4.1. Dust continuum: low spectral resolution data

Following the work of Lazareff et al. (2017) and GRAVITY
Collaboration (2019), we used geometric models that consist of a
point-like central star, assumed to be unresolved at all observed
baselines, and a circumstellar environment in order to fit the
observed visibilities. The complex visibility of the system at spa-
tial frequencies (u, 3) and at wavelength λ is therefore described
by a linear combination of the two components as

V(u, 3, λ) =
Fs(λ) Vs(u, 3, λ) + Fc(λ) Vc(u, 3, λ)

Fs(λ) + Fc(λ)
, (1)

where Vc is the visibility of the circumstellar environment, and
Fs and Fc the specific fractional flux contributions of the star and
of the circumstellar environment, respectively. The visibility of

the star Vs is equal to 1 since we assume it to be unresolved. Since
our GRAVITY FT data contains six visibility measurements and
four closure phases for each of the four spectral channels and for
each file, we can derive the spectral dependence of the circum-
stellar environment by modeling it as a power law, defined by its
spectral index kc, where k = d log Fλ/d log λ, and by describing
the complex visibility of the system as

V(u, 3, λ) =
Fs (λ/λ0)ks + Fc (λ/λ0)kc Vc(u, 3)

Fs (λ/λ0)ks + Fc (λ/λ0)kc
, (2)

where λ0 = 2.15µm is the wavelength of the central spectral
channel of the FT, and ks the spectral index of the star derived
assuming that it radiates as a black body at the star effective
temperature Teff = 9750 K, which translates into s spectral index
ks =−3.62 at λ0 for the central star.

We chose to fit our visibility data with three different geo-
metric models that differ only by the Vc term in Eq. (2). Since
the closure phases are basically zero for every baseline, as shown
in the central panel of Fig. 1, we do not consider any azimuthal
modulation in our models. Therefore, the resulting brightness
distributions are centro-symmetric.

The first model consists of a Gaussian disk whose visibility
is described, from Berger & Segransan (2007), as

Vc(u, 3) = Vgauss(u, 3) = exp
(
− (πΘr)2

4 ln2

)
, (3)

where Θ is the Gaussian full width at half maximum (FWHM)
and r =

√
u2 + 32 = B/λ, with u and v the spatial frequency

coordinates, and B the projected baseline.
The second model consists of a geometrically thin ring

whose visibility is described by subtracting an inner smaller
uniform disk from a larger one:

Vc(u, 3) = Vring(u, 3) =
Fouter Vouter − Finner Vinner

Fouter − Finner
. (4)

Here the subscript outer refers to the larger disk and the subscript
inner refers to the inner hole. After normalization and knowing
that Fdisk = πD2/4, where D is the diameter of the disk, we can
express Eq. (4) as

Vring(u, 3) =
Douter 2 J1(πDouter r)

π r − Dinner 2 J1(πDinner r)
π r

D2
outer − D2

inner

, (5)

where J1 is the first-order Bessel function. Finally, our last model
consists of an infinitesimally thin ring convolved by a Gaussian
whose visibility is described as the product between Vgauss(u, 3)
and

Vinf−ring(u, 3) = J0(2πar), (6)

where J0 is the zero-order Bessel function and a is the radius of
the infinitesimally thin ring (Berger & Segransan 2007). Since
in the Fourier space the convolution of two functions is simply
their multiplication, we have

Vc(u, 3) = Vgauss−ring(u, 3) = Vgauss(u, 3) · Vinf−ring(u, 3). (7)

The inner hole radius and ring width are defined as ri = Dinner/2
and w= (Douter − Dinner)/2, respectively, for the geometrically
thin ring model while they are defined as ri = a−Θ/2 and w= Θ,
respectively, for the Gaussian-convolved infinitesimally thin
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ring. Inclination and position angle of the circumstellar environ-
ment are taken into account through the parameter r =

√
u2 + 32

following Berger & Segransan (2007). The model fitting is based
on a Markov chain Monte Carlo (MCMC, Foreman-Mackey et al.
2013) numerical approach and was implemented on the com-
bined dataset of all three epochs in order to maximize the number
of experimental points against the number of free parameters.
This assumes that the near-IR emission and the disk structures
are not variable over a five-month period, which is strengthened
by the fact that the star is not variable, either spectroscopically
in the optical (Mendigutía et al. 2011a) or photometrically in the
mid-IR (Kóspál et al. 2012). Once a global solution was iden-
tified, we further checked how well the parameters are indeed
constrained by the data. For this purpose, we performed a series
of squared visibility fits to the model by fixing the tested param-
eter to different values and left the other parameters free in the
subsequent minimization. In this way we obtain a χ2 curve as a
function of the tested parameter value.

Finally, the error on the χ2 was estimated by treating the
quantity Ti as a stochastic variable with

Ti = N
(
yi − ymodel

σi

)2

, (8)

where N is the number of points in the dataset, yi the individ-
ual measurement, ymodel the value of the model, and σi the error
associated to the measurement. The χ2 value is given by the
mean of Ti,

χ2 =
1
N

N∑

i = 1

Ti =

N∑

i = 1

(
yi − ymodel

σi

)2

, (9)

and the χ2 error is given by the error on the mean of Ti,

σχ2 =

√ ∑N
i = 1 T 2

i

N(N − 1)
− (χ2)2

N − 1
. (10)

This applies to the reduced χ2 as well.

4.2. Gas: high spectral resolution data

To estimate the gas region size from the SC visibility we
extrapolated the pure-line contribution from the total visibility
(line+continuum) displayed in Fig. 2. To do this we modeled the
total visibility with a three-component model that accounts for
the contributions from the star, the circumstellar dust, and the
line emitting gas. The total visibility is given therefore by

Vtot(u, 3, λ)

=
α(λ) Fs(λ) Vs(u, 3, λ) + Fc(λ) Vc(u, 3, λ) + FL(λ) VL(u, 3, λ)

α(λ) Fs(λ) + Fc(λ) + FL(λ)
, (11)

where α(λ) is the science star continuum-normalized photo-
spheric absorption (see Appendix C for more details), the sub-
script c refers to the dust component, and the subscript L refers to
the Brγ line gas. From Eq. (11) it can be proven (see Appendix D)
that the pure-line visibility is given by

VL(u, 3, λ)

=
Vtot(u, 3, λ) {[1 + β(λ)] FL/C − 1 − β(λ)} − α(λ) + 1

[1 + β(λ)] FL/C − α(λ) − β(λ)
, (12)

where FL/C is the line-to-continuum flux ratio

FL/C =
α(λ) Fs(λ) + Fc(λ) + FL(λ)

Fs(λ) + Fc(λ)
(13)

and β(λ) is the disk-to-star flux ratio outside the line

β(λ) =
Fc

Fs
(λ) =

Fc

Fs

(
λ

λ0

)kc−ks

. (14)

For clarity, we note that, outside the line emitting region, α(λ)
and FL(λ) tend toward 1 and 0, respectively. Equation (13) corre-
sponds to the line-to-continuum ratio including the photospheric
absorption. Finally, we estimated the gas region size by modeling
it with an infinitesimal ring model given by Eq. (6).

In the same way, we needed to take out the continuum con-
tribution from the total differential phases (Fig. 2). Following
Weigelt et al. (2011), the pure-line differential phase is given by

sin φL = sin φ
Ftot Vtot

FL VL
= sin φ

Vtot

VL

FL/C

FL/C −
(
α+β
1+β

) , (15)

where φL is the pure-line differential phase, φ the total differen-
tial phase, Ftot the total flux (star, dust, and gas), and we write
the ratio Ftot/FL through Eq. (D.5). Following Le Bouquin et al.
(2009), we can derive wavelength-dependent photocenter dis-
placements along each baseline from the pure-line differential
phases by

p =
−φL

2π
· λ

B
, (16)

where p is the projection on the baseline B of the 2D photo-
center vector with origin on the central star. The error bars on
the pure-line differential quantities are computed through error
propagation in Eqs. (12) and (15).

5. Results

5.1. Disk component inside 2 au

Of the three models discussed in Sect. 4.1, the fit of the squared
visibilities to the Gaussian disk model (Eq. (3)) did not converge
to a solution (i.e., the marginal posterior distributions for the
Gaussian width, inclination, and position angle are flat). There-
fore, we discarded this model in the rest of the work. Solutions
were found for the geometrically thin ring model (Eq. (5)) and
the Gaussian-convolved ring model (Eq. (7)). The two models
converge basically toward the same solution, with a reduced χ2

r =
4.7 for both models.

We performed a wide scan range of the fitted parameters
to find convergence toward a global solution. The results of the
minimization are presented in Fig. B.1 and Table 1 for the ring
model along with the parameter scan range and the 1σ uncer-
tainties. The resulting MCMC posterior distribution is presented
in Fig. B.1 (top plots) and allows us to identify an optimal global
solution for the six parameters. The fitting process leads to a
photospheric near-IR flux contribution of ∼93.8%, and there-
fore to a dust ring flux contribution of ∼6.2% for both models.
Interestingly, the degeneracy typically found between the disk’s
flux and the characteristic size in V2 is broken here because the
constant plateau as a function of spatial frequencies unambigu-
ously determines the level of the disk’s flux contribution. Both
models predict a spectral index kc for the dust ring with a value
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Table 1. FT squared visibility best-fit solution for the geometrically thin ring model and the Gaussian-convolved ring model.

Geometrically thin ring Gaussian-convolved ring

Parameter Unit Fit solution Parameter Unit Fit solution Scan range

Fs [%] 93.81± 0.07 Fs [%] 93.81± 0.07 [0 ; 100%]
Fc [%] 6.19± 0.07 Fc [%] 6.19± 0.07 1 - Fs

kc −0.35± 0.21 kc −0.35± 0.21 [−4 ; 4]
ri [mas (au)] 7.40± 0.21 (0.81) ri [mas (au)] 7.35± 0.21 (0.81) [0 ; 60]
w [mas (au)] 0.35± 0.35 (0.04) w [mas (au)] 0.24± 0.24 (0.03) [0 ; 100]
i [deg] 58.47± 1.55 i [deg] 58.45± 1.55 [30 ; 80]
PA [deg] −1.77± 1.11 PA [deg] −1.78± 1.11 [−40 ; 40]
χ2

r 4.67± 0.33 χ2
r 4.67± 0.33

Notes. Fs is the stellar flux contribution, Fc the dusty circumstellar environment flux contribution, kc the dust spectral index at 2.15 µm, ri the ring
inner hole radius, w the ring width (ri and w defined in different ways for the two models, see Sect. 4.1), i the ring inclination from face-on, PA the
northeast position angle, and χ2

r the reduced chi-square. The uncertainties on the fitted parameter correspond to the 1σ error. Scan ranges refer to
both models.

of −0.35± 0.2. To better illustrate the visibility plateau and the
expected modulation due to the modeled thin ring, we show in
the bottom plots of Fig. B.1 three visibility curves correspond-
ing to the best model for three selected baseline orientations
and for a fixed wavelength value of 2.15µm. Regarding the geo-
metrical shape of the circumstellar environment, both models
lead to a ring inclined from face-on by 58.5◦, with a north-
east position angle PA ∼ 0◦. The inner hole radius is estimated
to be ri ≈ 7.4 mas (0.8 au) from both models, while the ring
width is estimated to be ∼0.24−0.35 mas (0.03−0.04 au, for the
Gaussian-convolved ring model and the geometrically thin ring
model, respectively).

Importantly, Fig. B.2 shows the χ2
r curves of each param-

eter for the geometrically thin ring model, which helps us to
evaluate how well each parameter is constrained by our data.
The star near-IR flux contribution is very well constrained as we
expected from the plateau seen in the squared visibility curve.
The ring spectral index is more loosely constrained, since the
best value is consistent with values ranging between −2 and
2. The ring inclination is constrained between ∼ 45◦ and ∼75◦,
while the position angle is less well constrained with two pos-
sible minima at ∼ 0◦ and 120◦, the former considered to be the
absolute minimum. The inner hole radius is constrained to be
inside the first 2 au of the system, with a global minimum found
around 0.8 au (7.4 mas) and a second (almost equally possible)
solution, at ∼1.7 au (15.4 mas). Taking into account the upper
limit of 10 mas for the radius of the K-band emission found by
Monnier et al. (2005), we decided to adopt ri = 0.8 au. According
to Fig. B.2, the ring width w tends toward small values, not larger
than ∼ 0.3 au. This is discussed further in Sect. 6.1.

5.2. Dust properties through radiative transfer modeling

To strengthen the obtained results and to assess the scenario of
an inner ring as close as 0.8 au, gaining further information on
the emission properties, we investigated through RT modeling
the impact of such a component on the SED. We note here that
our aim was not to perform a detailed mineralogy study of the
system, but rather to understand how the detected inner dust is
consistent with both the near-IR flux and overall SED of the
system.

We modeled the multiple and complex outer rings with only
three rings based on the results from Thi et al. (2014). In their
model, the lower limit particle size was set at 0.5µm and the

upper one at 0.5-1 cm for the two outermost rings and the inner-
most one, respectively. The grain size follows a distribution
∝ a−3.5, the surface density profile is a modified version from Li
& Lunine (2003), and the flaring index is γ= 1. The three rings
peak at ∼15, 185, and 300 au, with the first two rings separated
by a 75 au gap.

Our initial disk setup consists of a disk structure similar to
Thi et al. (2014), but with updated stellar parameters (see Sect. 1)
and a grain population based on DIANA standard dust grains
(Woitke et al. 2016) containing 75% amorphous silicates (e.g.,
Mg0.7Fe0.3SiO3), 25% porosity, and no amorphous carbon. Our
modified grain size distribution and surface density is described
in next paragraph. The computed SEDs account for both thermal
emission and scattered light contributions.

A silicate dust ring. First, we attempted to reproduce the
near-IR excess detected by GRAVITY by including dust grains
close to the star, but also taking into account the fact that
HD 141569 does not show a silicate emission feature at 10µm
(Seok & Li 2017), which is in part connected to the grain size
distribution. We tested several models of the inner ring with the
following properties: a varying lower-limit dust grain size of 0.6,
1.2, 2.5, 5.0, 10, 20, 40, 80, 158, and 316 µm; an equal upper-
limit grain size of 1 cm, with a size distribution ∝ a−3.5; a surface
density ∝ r−1; and an inner ring radius fixed at 0.8 au with a width
of 0.04 au according to our best-fit model.

All models with grains smaller than ∼20µm in the inner
∼1 au region can be tuned to reproduce the ∼6% near-IR excess,
but at the same time they still exhibit a clear 10µm silicate
feature, which is not in adequacy with the observations.

Models accounting only for grains larger than 40µm result
in an almost complete quenching of the 10µm silicate fea-
ture. When testing the mass at ∼1 au required not to exceed the
mid-IR flux, we find that 10−10 M� (or 3.3× 10−5 M⊕) would
be compliant with this condition, but only a ∼1% near-IR
excess is generated. On the other hand, the dust mass required
to reach a ∼6% near-IR excess is well beyond 8.5× 10−10M�
(or 2.8× 10−4 M⊕), but this then produces a too large mid-IR
emission inconsistent with the known SED.

Finally, decreasing the percentage of silicates and increas-
ing the carbon percentage in the dust grains up to 25% did not
improve the SED fit. Obtaining a more precise fit to the global
SED would require further analysis and tuning of the outer ring
contribution in the mid-IR, which is beyond the immediate goal
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Table 2. Parameters relevant to the RT modeling of the HD 141569 disk.

Star parameters

Distance [pc] 110
Temperature [K] 9750
Luminosity [L�] 19 (see table notes)
AV [mag] 0.095

Rings parameters

Parameter Unit 1st 2nd 3rd 4th

Inner rim [au] 0.8 5 185 300
Outer rim [au] 0.84 110 500 500
Particle type QHP Silicate Silicate Silicate
Dust mass [M⊕] 1.4× 10−8 0.020 1.665 0.233
Smallest particle size [µm] 0.006 1.26 0.63 20
Biggest particle size [µm] 0.006 10 000 10 000 10 000
Inner surface density power law –1 –1 –1 –1
Size distribution power law –3.5 –3.5 –3.5 –3.5
Scale-height at 100 au [au] 1.4 1.4 7.5 7.5
Ring inclination [degree] 59 59 59 59

Notes. This model only describes the case of a QHP-dominated inner ring. The stellar luminosity has been revisited in this work as follows.
We determined a lower and upper limit of that value by matching in the K band the photospheric flux plus the near-IR excess with the 2 MASS
photometry within its 5% uncertainty (see Table G.1). This provided a stellar luminosity between 18 and 19 L�, in agreement with the revised value
by Vioque et al. (2018).

of the paper. However, our modeling seems to point out that
it is difficult to reconcile the level of near- and mid-IR excess
reported with a model of solely silicate dust in the disk ring at
∼1 au. Three representative cases of our modeling are presented
in Fig. E.1.

A ring of quantum heated particles. Another way to pro-
duce near-IR emission consistent with the absence of the promi-
nent 10µm silicate feature and with the presence of the mid-IR
PAH bands is to consider quantum heated particles (QHPs,
Purcell 1976; Draine & Li 2001). In the context of interferomet-
ric observations, this scenario was invoked for HD 100453 where
QHPs were detected in the disk gap (Klarmann et al. 2017), and
for HD 179218 with the presence of hot QHPs inside the disk
cavity (Kluska et al. 2018).

We tested different amounts of QHPs (from 10−13 to
10−15 M�), and two different QHP particles sizes (105 and
5× 105 carbon atoms), based on the results obtained by
Klarmann et al. (2017).

The highest masses (∼10−13 M�) produce an inner rim emis-
sion which results in a near-IR excess that is too large and
inconsistent with the GRAVITY measurement. The smallest
value (∼10−15 M�) corresponds instead to an optically thin disk
with negligible excess at 2µm. For a ring geometry in agree-
ment with our best fit of the GRAVITY data, a sweet spot is
found for a mass of 4.3× 10−14 M� (or 1.4× 10−8 M⊕) for which
the resulting disk produces a near-IR excess of ∼7 %. Smaller
particle sizes (e.g., 102 carbon atoms) would require a larger
mass reservoir of QHPs to reach a near-IR excess of ∼6%. As
a consequence, a higher mass would result in stronger mid-IR
PAH features overestimating the HD 141569 SED observed in
the Spitzer IRS spectrum (Sloan et al. 2005). The order of mag-
nitude of ∼105 carbon atoms per particle appears consistent with
the SED profile estimated by GRAVITY and IRS/Spitzer.

The resulting disk SED shows a spectral index
(d logFλ/d logλ) of −1.4 at 2.15µm which is consistent with the

minimization curve of the spectral index in Fig. B.2. The details
of the QHP model parameters is shown in Table 2. In Fig. F.1
we show the density and temperature structure of the full-disk
model. For the silicate dust in the outer second (∼15 au), third
(∼185 au), and fourth ring (∼300 au), the equilibrium temper-
ature varies between 125 K at ∼5 au to 20 K in the outermost
disk regions. The QHPs used to model the innermost optically
thin ring are not in thermal equilibrium. Their temperature
distribution depends on their size (the smaller, the hotter) and on
the strength of the local ultraviolet (UV) radiation field as they
absorb UV photons to quickly re-emit in the near-IR, changing
their temperature drastically and very fast. The dark red color in
Fig. F.1 shows the location of the QHPs, and according to our
RT simulations their temperatures are in the range between 1865
and 95 K.

We find that the strongest constraint on the ring width is set
by our interferometric measurement. When considering widths
from 0.04 to 0.3 au in our RT modeling, the observed tendency
remains the same: the population of silicate dust grains does not
satisfactorily reproduce the near- and mid-IR excess, contrary to
a population of a stochastically heated small grains.

Beside the ring’s width, the important result of this analy-
sis suggests that a tenuous, QHP-dominated, optically thin inner
ring may provide a suitable description of the close circum-
stellar environment of HD 141569 in agreement with existing
detailed modeling of the outer disks. On the contrary, a silicate-
dominated dusty inner ring, heavier by about four orders of
magnitude and composed of large grains, fails to provide a sat-
isfying description of the system, in particular in terms of flux
contribution in the mid-IR spectral range. Figure 3 presents
the final result of our MCMax modeling with the parameters
of Table 2. We note that the strong PAH feature at 7.8µm in
HD 141569 is not seen in this model because the correspond-
ing opacity has not been added to our models of the outer rings,
unlike the models of Thi et al. (2014).
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Fig. 3. MCMax SED (black line) of the model described in Table 2. The
yellow circles are HD 141569 photometric data listed in Table G.1. The
blue line represents the star SED modeled as a black body. The cyan
line represents the QHPs SED and the red line the silicates SED. The
magenta line is the total disk SED accounting for both QHP and silicate
emission. The top right plot focuses on the first 10µm wavelength range
of the SED.

5.3. Spatial scale of the Brγ-line emitting region

We exploited the high-spectral resolution data of GRAVITY
in the Brγ region to constrain the spatial scale of the hot gas
emitting component, following the formalism in Sect. 4.2. Con-
servatively, the resulting pure-line visibilities plotted in red in
Fig. 2 are very close to 1 for all the baselines. Considering the
error bars we can say that the gas region is at the limit of spa-
tially unresolved emission. We therefore propose to constrain the
size of the gas emitting region by considering the gas emitting at
the Brγ line wavelength peaks (i.e., 2.1654 and 2.1672µm) using
an infinitesimally thin ring model and estimating the upper-limit
size that would exceed the error bar of ∼2% on the pure-line
visibilities. In this way, we estimated a maximum radius of
∼0.35 mas (0.0385 au) for the gas emitting region.

While the analysis of the visibility amplitudes only provides
us an estimate of the size scale of the gas emitting region, fur-
ther information on the spatial and kinematic properties of the
gas component is found in the differential phase signal. Typ-
ically, differential phases provide information on photocenter
displacements along the baselines on angular scales that can sur-
pass the nominal resolution of the interferometer. Figure 4 shows
the GRAVITY pure-line differential phases. After removal of
the continuum contribution (cf. Sect. 4.2), the S-shape becomes
clearly visible for the baselines J3-D0 (100 m, 220◦) and J3-K0
(54 m, 151◦) around the Brγ line, while a weaker trend is seen
for the baselines J3-G2 (62 m, 223◦) and D0-G2 (38 m, 36◦).
The strongest signature shows an amplitude in the differential
phase exceeding ∼20◦ for J3-K0. Since the differential phase
signals for the baselines D0-K0 (95 m, 72◦) and G2-K0 (68 m,
92◦) are consistent with zero at all wavelengths, we fixed the
pure-line differential phases to 0◦. The typical uncertainties after
correcting for the continuum subtraction are ∼4◦. The resulting
deprojected photocenter shifts per spectral channel, with ref-
erence frame fixed to the star location, are shown in Fig. 5.
We clearly observe that all points are aligned along the same

direction with an angle of −10◦ ± 7◦. The redshifted points are
located along northwest, while the blueshifted points are located
toward the southeast. Based on the redshifted maximum extent
of the photocenter shifts, we estimated the radius of the gas
region from the differential phases to be 0.333± 0.039 mas or
0.037± 0.004 au. This appears consistent with the less precise
upper-limit size set through the analysis of the visibility ampli-
tudes. We recall however that the size estimate derived through
the photocenter shift does not correspond to the physical outer
radius of the gas region, but to the size where the gas emission
is more intense for a given wavelength.

The distribution of the 2D photocenter solution can be inter-
preted to the first order as being caused by a gas disk in Keplerian
rotation orbiting HD 141569. Under this assumption the analysis
of the Brγ emission line’s shape provides further clues to the
gas kinematics. We can indeed derive an estimate of the gaseous
disk’s radius from the separation between the two peaks of the
line and the rest position. From Beckwith & Sargent (1993) we
use

Rg =
G M?

v2
obs

sin2i, (17)

where Rg is the radius, G is the gravitational constant, M? the
mass of the star, vobs the projected velocity at the line peaks, and
i the disk inclination. The 128± 42 km s−1 average peaks shift
of the Brγ line with respect to the line rest position leads to an
outer limit for the gas region of 0.766± 0.554 mas in radius, or
0.084± 0.061 au. The resulting error accounts for the uncertainty
on the stellar mass (0.01 M�), on the distance (1 pc), on the disk
inclination (15◦), and on the peak position (3 Å), the last being
the dominant one.

The three approaches presented above and based on the anal-
ysis of the visibility amplitudes, differential phases, and the spec-
trum all seem consistent with a gas component in Keplerian rota-
tion confined within ∼0.8 mas (∼0.09 au, ∼12.9 R?) in radius.
We compared our differential phase signals, our strongest mea-
surable quantity, to a simple geometrical model of an axisym-
metric disk in Keplerian rotation built with two thin layers that
account for the top and bottom sides of the disk, parameter-
ized by an inner radius rin (varying from 0.008 to 0.03 au), an
outer radius rout (varying from 0.033 to 0.8 au), and a power-
law exponent α (varying from 0 to 4.0) for the disk’s intensity
radial profile following I(r) ∝ r−α. The inclination of the disk
was fixed to 58.5◦, based on the results of the FT data analy-
sis and under the assumption of coplanar dust-gas rings, and its
position angle was fixed to −10◦, based on the photocenter shift
analysis. The hypothesis of an optically thin disk is made, which
implies that the disk intensity does not strongly depend on the
disk scale height, which is then fixed to H/R = 0.1 throughout
the ring, but only on the surface area of the disk: I ∝ dS where
dS is an area element (for a complete description of the model,
see de Valon et al., in prep.). The model delivers a spectral pro-
file that is eventually normalized and fitted to our experimental
double-peaked spectrum in Fig. 6. A grid of 2700 models has
been explored, and a best-fit model is found for rin = 0.011 au,
rout = 0.09 au, and α= 0.5. From this best-fit model, we produced
2D velocity maps (Fig. 7) and retrieved the theoretical pure-line
differential phase signal (see Fig. 4). Our Keplerian disk model
reproduces qualitatively well the observed pure-line differential
phases both in the orientation of the sine wave relative to the
wavelength and in amplitude reinforcing the Keplerian gas disk
scenario. We also observe that the weakest signals indeed cor-
respond to the baselines D0-K0 and G2-K0 for which the peak
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Fig. 4. HD 141569 spectrum (top), total (black circles and line), and
pure-line differential phases (colored signs) along the different base-
lines. D0-K0 and G2-K0 baseline pure-line differential phases are set
to zero. The colors refer to the different spectral channels. Dashed
magenta lines represent the pure-line differential phases of the analyti-
cal Keplerian disk model described in Sect. 5.3.

amplitudes are ∼3–5◦. On a final note, for the best-fit solution
model we tested the optically thick hypothesis by accounting for
projection effects on the emissivity law, I ∝ dS · ey = dS · (n · ey),
where ey is the line-of-sight unit vector and n the normal unit
vector of the area element considered (see de Valon et al., in
prep.). The resulting model leads to a spectrum that is similar to
that derived from the optically thin model (a small difference is

Fig. 5. Deprojected photocenter shifts. The colors refer to the different
spectral channels and velocities, as shown in Fig. 4. The dashed black
line, derived through a linear fit of the photocenter shifts, represents the
gas region position angle.

Fig. 6. HD 141569 GRAVITY spectrum (black line), and the spectra of
the Keplerian disk models described in Sect. 5.3. The blue line repre-
sents the model in the optically thin scenario with residuals given by
the red dashed line, while the orange line represents the model in the
optically thick scenario with residuals given by the green dashed line.

seen at the lowest velocities), and to pure-line differential phases
and photocenters shifts consistent with those of the optically thin
model.

6. Discussion

6.1. A newly detected inner dust ring

Thanks to GRAVITY, an additional inner ring component at
∼1 au from the star, narrower than ∼ 0.3 au, has been discovered,
which adds to the multi-ring picture identified for HD 141569. A
schematic visualization of the dust and gas distribution obtained
from multi-epoch and multi-instrument observations is depicted
in Fig. 8. The low level of near-IR excess (∼6%) is compa-
rable to the typical 5% accuracy of K-band photometric data
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Fig. 7. Monochromatic images (from 2.16452 to 2.16852µm, i.e., from 221 to 332 km s−1) of the Keplerian ring model described in Sect. 5.3. The
colored dashed lines refer to the different GRAVITY baselines. Circles represent the 2D photocenter shift for each baseline.

Fig. 8. Visualization of dust and gas distribution in HD 141569 (adapted from Di Folco et al. 2020). Shown in light orange are the optical–IR
dust rings detected in scattered light by HTS (e.g., Augereau et al. 1999; Clampin et al. 2003; Konishi et al. 2016). Overplotted in green are the
three near-IR dust ringlets detected by VLT/SPHERE (Perrot et al. 2016). The extended millimeter continuum emission detected by ALMA (Miley
et al. 2018) and NOEMA (Di Folco et al. 2020) is shown in orange. The large brown ring represents the mid-IR continuum emission detected by
VLT-VISIR and modeled by Thi et al. (2014). In dark red is shown the near-IR dust emission detected by GRAVITY and studied in this work. In the
same color is the Brγ line emitting gas region detected by GRAVITY, also analyzed in this work. In blue is depicted the Hα line region based on
the upper-limit size estimated by Mendigutía et al. (2017). Finally, in purple is shown the CO gas region whose emissions were detected by ALMA
(e.g., White et al. 2016; Miley et al. 2018) and NOEMA (Di Folco et al. 2020).

(e.g., 2 MASS), which led to considering the near-IR flux of
HD 141569 as essentially photospheric in earlier studies. With
this result, the presence of dust as close as 1 au from the star,
but well beyond the sublimation radius Rsub ∼0.25 au is a more
robust piece of evidence. The disk inclination and position angle
estimated through the GRAVITY FT data analysis are consistent
within the error bars with the values found for the outer rings
that make up the circumstellar environment of the system (see
Table H.1), suggesting an almost coplanar system of circumstel-
lar rings. Considering how many constraints can effectively be
set on the position angle (see Fig. B.2), it does not appear that
any clear misalignment between the inner and outer disks could
be claimed.

The inclination and position angle could be the reason why
PTI and the Keck interferometer were not able to spatially
resolve the near-IR emission of HD 141569 in earlier measure-
ments, since the alignment of their single baseline was around
42◦ from north to east, hence not far from the semi-minor axis
of the disk. However, the upper limit of 10 mas in radius for
the location of the dust proposed by Monnier et al. (2005) is
in agreement with our results. They also report a fractional

excess of ∼5%, but compatible within the error bars with pure
photospheric flux in the K band.

Our results are substantially different from those obtained by
Lazareff et al. (2017) with PIONIER in the H band. The reported
flux excess is ∼ 50% larger than in our case and their half-flux
radius for the dust emission is only 0.03 au, well inside the sub-
limation radius of the system expected to be at ∼0.21-0.26 au
(for L? = 16.6 − 27.0 L�, Tsubl ∼ 1470 K and a cooling efficiency
ε ∼0.5). Lazareff et al. (2017) modeled the H-band excess emis-
sion using an ellipsoid distribution and not a ring (see their
Table B.2 and B.3). The choice of the model and the low-quality
PIONIER data could potentially explain this unexpected result.

The values derived for the radius and width of this new inner-
most dusty component allows us to compare the system with
other YSOs. The analysis made by GRAVITY Collaboration
(2019) for a sample of 27 Herbig Ae/Be stars revealed dusty cir-
cumstellar environments with half-flux radii that range between
0.1 and 6 au depending on the stellar luminosity with a median of
0.6 au, and a width-to-radius ratio w ranging from 0.1 to 1 with a
median of 0.83, which is interpreted as smooth and wide rings,
even though with large error bars.
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Our radius estimate for HD 141569 (∼0.8 au) is within the
range found by these authors, but its peculiarity is also reflected
in the fact that its position in the size-luminosity diagram does
not coincide with the bulk of the Herbig stars, reinforcing the
idea that HD 141569 is a unique system in terms of evolu-
tion. From Table B.2, the width-to-size ratio is estimated to
0.05± 0.05 for the best-fit model, but it is also noticeable from
Fig. B.2 that the ring’s width is difficult to clearly constrain
in the region below 0.3 au. This implies that the width-to-size
ratio could be seven times larger. Therefore, our estimate of the
width-to-size ratio goes on the lower end of the range found
in GRAVITY Collaboration (2019), but remains comparable
to systems such as HD 114981 (0.10± 0.03) or HD 190073
(0.14± 0.03).

In addition to the disk’s well-known flux-size degeneracy,
which in our case is broken thanks to the constant plateau in
the squared visibilities curve as a function of spatial frequen-
cies, Lazareff et al. (2017) found a negative correlation between
the ring width and its half-flux radius, meaning that it gets more
difficult to detect with the VLTI baseline small-radius ring-like
structures than small-radius ellipsoid structures for angular sizes
of the K-band emission of ∼1 mas or smaller. In our case the
size is well constrained being beyond the suggested limit, which
is one argument favoring the robustness of our modeling as
opposed to the model of a Gaussian brightness distribution that
did not converge to a solution.

To further test our model findings, first we tried to add
the contribution of a fully resolved emission (also known as a
halo) to our geometrically thin ring model following Eq. (4) of
Lazareff et al. (2017). Our best-fit solution (χ2

red = 4.69± 0.32)
led to results similar to our geometrically thin ring model
with a halo contribution that actually converges toward zero
(0.103+0.144

−0.075 %). Interestingly, this is in full agreement with
Lazareff et al. (2017) who found null halo flux contribution as
well. Second, we also tried a Lorentzian-convolved infinitesi-
mally thin ring (see Table 5 of Lazareff et al. 2017), which
leads to practically the same solution (χ2

r = 4.68± 0.32). We con-
clude from this detailed analysis that the narrow ring-like shape
with a width smaller than 0.3 au is a good description of our
observations.

6.2. Nature and origin of the detected ring

We advance in Sect. 5.2 the scenario of a population of stochas-
tically heated particles (e.g., PAH-like very small grains) as the
cause for the near-IR excess. A number of arguments can be
discussed in this context.

Our best-fit chromatic model shows a spectral index kc =
−0.35± 0.21 for the circumstellar emission. Following Lazareff
et al. (2017) and GRAVITY Collaboration (2019), we estimate
from the parameter kc a temperature of the radiating dust under
the gray body hypothesis (i.e., wavelength-independent emis-
sivity) and find Tc = 1460± 70 K. In the case of a silicate dust
ring in thermal equilibrium at ∼0.8 au, we would expect a cooler
temperature2 of Tc ∼650–850 K using the stellar parameter of
Table 2 and a cooling efficiency ε between 0.3 and 1. Therefore,
we argue that the near-IR emission is not dominated by emission
of dust in thermal equilibrium, which can be explained by the
presence of these small particles that are quantum heated by the
stellar UV radiation. Even though the spectral index is found to
be not very well constrained (see Fig. B.2), the spectral index

2 Equation (14) in Lazareff et al. (2017).

corresponding to dust in thermal equilibrium at 800 K would be
around +3.4 at λ0, relatively far from the our best-fit model.

Maaskant et al. (2014) interpret the high intensity ratio
between the PAH band at 6.2µm to the band at 11.3µm as a
tracer of predominantly ionized PAH species located in a disk’s
gap and exposed to the intense ionizing UV radiation field of the
central star. For instance, with a I6.2/I11.3 feature peak ratio of
∼3−4 (Seok & Li 2017) the PAH sources IRS 48 and HD 179218
present emission from such predominantly ionized PAHs located
in part inside the gap or disk cavity (Maaskant et al. 2014;
Klarmann et al. 2017; Kluska et al. 2018; Taha et al. 2018). Inter-
estingly, the I6.2/I11.3 peak ratio of HD 141569 derived from Seok
& Li (2017) is high as well, estimated to ∼5−6. This may indicate
the presence of PAH species close to the star, with a predom-
inantly ionized state due to the direct irradiation by UV stellar
flux, bringing further support to our QHP-dominated inner ring
model.

Comparing the IRS spectrum to our model, we find that the
our model accounts for 28, 25, and 4% of the observed PAH peak
emission for the features at 6, 8, and 11µm, respectively. The
remaining emission would come from PAHs located in the outer
rings. Comparing the outer ring PAH mass reservoir estimated
by Thi et al. (2014) to that of our innermost ring model, we find
that our estimate (4.3× 10−14 M�) is smaller than their ∼15 au
and ∼300 au rings by three orders of magnitude (2.0× 10−11 M�
and 2.1× 10−11 M�, respectively), and by four orders of magni-
tude for their ∼185 au ring (1.2× 10−10 M�) and the entire outer
disk environment (1.6× 10−10 M�). We recall however that in
their model Thi et al. (2014) do not account for any dust located at
∼1 au and suggest a 5 au dust-free inner gap, which could result
in overestimated values on their side.

Regarding the origin of the ring structure, the case of
HD 141569 is particularly interesting under the aspect of our pro-
posed QHP-dominated inner component: one could question the
presence of QHPs in an inner narrow ring since this kind of
particle is expected to be coupled to the gas component and to
date have been mostly invoked in more extended emission (e.g.,
Klarmann et al. 2017; Kluska et al. 2018).

Several authors have detected CO emission beyond ∼10 au
(see Introduction), whereas little information is available on the
presence of CO within the first 10 au. It is likely however that
this inner region is not gas depleted. The [O I] λ6300 emission
detected by Acke et al. (2005), and suggested by these authors
as a dissociation product of OH in the circumstellar disk, would
originate between ∼0.05 and 0.8 au under the assumption of a
gas disk in Keplerian motion (Brittain et al. 2007). Hydrogen
recombination and sodium lines were also detected (van der Plas
et al. 2015). Both Mendigutía et al. (2017) and our results (see
Sect. 6.3) find excited atomic hydrogen in the dust-free cav-
ity, which implies the existence of a replenishment mechanism
from the outer regions. Moreover, Brittain et al. (2007) set an
upper limit on the column density of CO inside 6 au of N(CO)<
1015 cm−2, which translates into a gas mass <5.9× 10−13 M�.
Considering our QHPs mass (4.3× 10−14 M�), a gas-to-dust ratio
of 100, and a [CO/H2] ratio of 10−4, this would translate in a
CO mass of 4.3× 10−16 M�, which is well below the upper limit
and therefore not detected yet. These arguments suggest that a
gaseous component may exist and coincide with the proposed
QHP component to which it would be coupled.

Furthermore, even though QHPs have been invoked in more
extended emission in past works, we cannot exclude the pos-
sibility of more compact or narrow components. For example,
Khalafinejad et al. (2016) modeled its inner circumstellar region
through an optically thin spherical halo extending from 0.1 to
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1.7 au in order to explain the near-IR flux of HD 100453 and to fit
simultaneously its Q-band flux. The choice of the spherical halo
was based on the fact that their data poorly constrained the struc-
ture of the inner disk (and so it is the halo extension estimate) and
the optically thin hypothesis was set in order to not affect the
Q-band flux modeling. This component was also suggested by
Klarmann et al. (2017). Their QHP model for HD 100453 under-
estimates the observed flux in the 1-5µm wavelength range by
up to 30%, and slightly overestimates the long-baseline visibility
data, indicating that the missing flux is emitted on short spatial
scales. Closer results to those we obtained for HD 141569 were
found by Maaskant et al. (2013). These authors suggest a com-
pact optically thin spherical halo for HD 169142 (0.1–0.2 au),
HD 135344 B, and Oph IRS 48 (0.1–0.3 au) to reproduce the
observed near-IR flux. Several scenarios have been proposed to
explain the different structures that protoplanetary disks exhibit,
such as gaps, spirals, or rings. Fragmentation of wide rings into
narrow ones by secular gravitational instability (e.g., Tominaga
et al. 2020), self-induced pileup of particles by aerodynamical
feedback (e.g., Gonzalez et al. 2017), and dust traps at local max-
ima in the gas density due to a reversal of the pressure gradient by
dynamical clearing from a companion (e.g., Pinilla et al. 2012)
could explain a structured nature of the disk. Our observations
leave this matter as an open question since GRAVITY informs us
solely on the spatial properties of the detected K-band continuum
emission.

6.3. HD 141569 Brγ-line emitting gas region

Our analysis of the kinematic and spatial distribution (via the dif-
ferential phase) of the hot hydrogen gas is in line with a scenario
of a Keplerian disk inside the dust-free cavity. The distribu-
tion of the photocenter shifts shown in Fig. 5 agrees well with
the behavior expected from a Keplerian disk (Mendigutía et al.
2015). The position angle of the photocenter shifts distribution
(−10◦ ± 7◦ north to east) is also found to be in overall agree-
ment with the position angle of the inner ring responsible for
the near-IR excess, and of the outer rings. Moreover, the photo-
centers of the Brγ line emitting gas region are located as the
photocenters of the outer CO regions, blueshifted ones along
the southeast and redshifted ones along the northwest (White
et al. 2016). The profiles of pure-line differential phase signals
depart a bit from the perfect S-shaped signal expected for a pure
Keplerian disk. We believe that it is also limited ultimately by our
spectral calibration. In this sense, more accurate measurement
of the differential phases in HD 141569 using GRAVITY with
the 8 m Unit Telescopes could certainly improve the accuracy
of this analysis. In order to evaluate the quality of our spectral
data, we chose to compare the GRAVITY profile measured with
the ATs to other high-quality spectra obtained with the ISAAC
spectrograph at the VLT (Garcia Lopez et al. 2006), the NIR-
SPEC echelle spectrograph at the Keck Observatory (Brittain
et al. 2007), and with SINFONI/VLT from archival data. The
comparison is shown in Fig. 9 and we observe that the GRAV-
ITY spectrum exhibits a mild asymmetry between the blue and
red peaks. This would suggest that our spectrum could be still
affected by some calibration effects, either telluric or instrumen-
tal. We then further explored how far our resulting differential
phases might be impacted by the slight spectrum asymmetry and
tested the derivation of the pure-line differential phases using the
SINFONI spectrum, which has a very similar spectral resolution,
instead of the GRAVITY spectrum. We found that the 2D distri-
bution of the photocenter shifts remains unchanged within the
error bars reported in Fig. 5.

Fig. 9. HD 141569 continuum-normalized spectrum taken at different
epochs and with different instruments. In blue is depicted the data taken
on July 12, 2019, by GRAVITY; in red data taken in June 2019 by SIN-
FONI; in green data taken in 2002 by the KECK NIRSPEC (Brittain
et al. 2007); and in cyan data taken in 2004 by the VLT/ISAAC (Garcia
Lopez et al. 2006).

The star is known to be a fast rotator (222.0± 7.0 km s−1,
Folsom et al. 2012), which results in a small co-rotation
radius around 2.38± 0.53 R� (0.011± 0.002 au), assuming
R? = 1.5± 0.5 R� (Fairlamb et al. 2015). We cannot exclude that
part of the Brγ line emission comes from magnetospheric accre-
tion flows, but the small co-rotation radius compared to the size
of the Brγ line emitting region estimated from the SC data anal-
ysis (∼0.09 au) would not favor this scenario, as opposed to what
has been recently found for TW Hya (GRAVITY Collaboration
2020b). Interestingly, the scenario of magnetospheric accretion
was also tested by Mendigutía et al. (2017) to explain the Hα
double-peaked emission line, but they were not able to repro-
duce the observed profile with any set of input parameters.
Comparing the extent of the Brγ emission to the continuum
emission (RBrγ/Rcont ≈ 0.1), we find that the case of HD 141569
is in contrast with the findings of Kraus et al. (2008). These
authors found for a small sample (5 objects) of Herbig Ae/Be
stars that those showing a P Cygni Hα line profile and a high
mass-accretion rate (>10−7 M� yr−1) seem to show compact
Brγ-emitting regions (RBrγ/Rcont < 0.2), from which the emis-
sion stems from magnetospheric accretion or recombination line
from ionized hydrogen, while stars showing a double-peaked
or single-peaked Hα line profile show a more extended Brγ-
emitting region (0.6 ≤ RBrγ/Rcont ≤ 1.4), which would trace a
stellar or disk wind. Our system shows mixed features, a Brγ and
Hα double-peaked emission line that originates from compact
disks in Keplerian rotation where magnetospheric accretion is
not the most likely main emission mechanism. Therefore, recom-
bination line emission from ionized hydrogen in an inner gaseous
accretion disk as hinted by GRAVITY is a more supported sce-
nario. If that is the case, considering the age of the system
and the reported accretion rates between 10−7 and 10−11 M� yr−1

(Merín et al. 2004; Garcia Lopez et al. 2006; Mendigutía et al.
2011a; Thi et al. 2014; Fairlamb et al. 2015), the inner gaseous
disk requires some sort of replenishment mechanism to explain
its presence and for it to survive. Replenishment flows, planet-
boosted or not (Mendigutía et al. 2017), connecting the inner
and outer disk as already observed in other Herbig stars like
HD 142527 (Casassus et al. 2013) could be investigated in the
future.
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6.4. Hybrid or debris disk?

As mentioned in the introduction, HD 141569 is the only known
pre-main sequence star characterized by a hybrid disk. The main
characteristic of a hybrid disk is the weak fractional excess of
IR emission (8.4× 10−3 for HD 141569, Sylvester et al. 1996),
that stems from the optically thin second-generation grains dust
component, coupled with the presence of a significant gaseous
component, believed to be primordial. Unfortunately the other
known best hybrid disk system candidates, which are 49 Cet,
HD 21997 (Moór et al. 2011), HD 131835 (Moór et al. 2015),
HD 121617, HD 131488 (Moór et al. 2017), and HD 32297 (Moór
et al. 2019), have not been studied in their hot dust content.
As HD 141569 does, they show a featureless SED in the near-
IR suggesting systems depleted of material inside the first 5 au.
However, as we saw in this work, interferometric observations
could reveal as-yet-undetected dust, so this scenario should not
be excluded for the other mentioned objects. The potential of
long-baseline interferometry to detect small levels of hot circum-
stellar dust emission in supposedly dust-free systems has been
indeed exploited for older main sequence stars (Ertel et al. 2014).

In this context it is interesting to compare our results for
HD 141569 with Vega, the most iconic debris disk system with
a similar spectral type (A0V), but that is significantly older
than our source (400–700 Myr). Near-IR excess from Vega was
detected and constrained to ∼1.29± 0.19% by interferometric
observations with CHARA/FLUOR in the K band (Absil et al.
2006). These authors suggest by SED modeling that the excess
comes from hot small grains starting at ∼0.2–0.3 au with a total
dust mass of 8× 10−8 M⊕. Knowing the age of Vega, it is clear
that its circumstellar dust is of second generation, a characteristic
of debris disks. In the scenario of a silicate-dominated inner ring
for HD 141569, the total mass required to induce a larger near-IR
excess is, as expected, significantly larger (>10−4 M⊕). Consid-
ering the younger age of HD 141569 (∼7.2 Myr), a more massive
inner disk is compatible with a system at an earlier stage of disk
evolution. Since the timescale for disk dissipation is known to
be about 5−10 Myr (Wyatt 2008), it is plausible that part of the
dust in the inner region of HD 141569 is of first generation and a
remnant of the primordial circumstellar environment. This would
confirm that HD 141569 is closer to a system in the final stage of
the protoplanetary disk phase than a debris disk system.

The fact that gas, both H and CO, is detected in HD 141569
is an factor in favor of a system in the (late) protoplanetary disk
stage rather than in the debris disk stage. The system, similarly
to other hybrid disks, does not follow the correlation between the
CO flux density and the millimeter continuum emission followed
by T Tauri, Herbig Ae, and debris disks, but lies systematically
above the correlation line (Péricaud et al. 2017). The authors sug-
gest that the dust and gas evolution are decoupled, with the dust
evolving faster than the gas, leading to an unusual high gas-to-
dust ratio (between 135 and 2370 for HD 141569, Di Folco et al.
2020). Other than the primordial origin scenario, a secondary
origin of CO was proposed (Kral et al. 2019) in which the gas
is self-shielded and shielded by accumulated neutral carbon pro-
duced through photodissociation of molecular gas released by
planetesimals. This model is able to explain the estimated CO
masses in all the hybrid disk candidates (Kral et al. 2019; Moór
et al. 2019) except for HD 141569, for which it was not tested.
Since CO molecule photodissociation occurs at UV wavelengths,
we note that C0 could shield these molecules, and also QHPs
(Woitke et al. 2016), which are known to absorb UV photons and
cool down very quickly by emitting photons in the near-IR. The
new detected innermost ring, which we propose in this work to

be dominated by a small amount of QHPs, could contribute to
the shielding process.

7. Summary

We presented the first GRAVITY interferometric observations
of HD 141569. Here we summarize the main conclusions of our
work:

– The system was resolved by GRAVITY with squared vis-
ibilities down to V2 ∼ 0.8. If before these observations
the near-IR flux contribution of a dust disk was considered
absent because no feature was seen in the SED of the object,
now, thanks to interferometry, the presence of dust in the first
au of the system is a more robust piece of evidence and the
flux excess is clearly detected and constrained to be ∼6.2%
of the total flux.

– Data modeling suggests that the dust is located in a thin ring
(.0.3 au in width) at a radius of ∼1 au from the star. The ring
shares, within the errors of Fig. B.2, the same inclination
(∼58◦) and position angle (∼0◦) as the outer rings observed
in the past.

– MCMax SED modeling suggests that this innermost ring
could be made of a small amount (1.4× 10−8 M⊕) of QHPs.
Large silicate grain models, with and without carbon, can
reproduce the 6% flux excess at 2.15µm, but at the same time
they show a significant emission in the mid-IR not consistent
with the SED of the system.

– The SC data analysis confirms the significant amount of Brγ
line emitting gas already observed in the past. The gas region
is spectrally resolved, but spatially unresolved.

– The pure-line differential phases constrain the gas to be in a
Keplerian disk-like structure, as hinted by the double-peaked
line shape, confined within ∼0.09 au (∼12.9 R?) and oriented
in the same was as the outer rings (PANE ∼ −10◦).

These results confirm the complexity of the HD 141569 cir-
cumstellar environment also at milliarcsecond scale, making
the system a unique astronomical laboratory to investigate the
missing steps of disk evolution and planet formation theories.
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Appendix A: GRAVITY observations

Table A.1. Observation logs of the VLTI/GRAVITY HD141569 observations.

Date UT Configuration N Calibrator (diam. [mas], SpT †) Seeing [′′] Airmass τ0 [ms] Frame rate [Hz]
2019-03-18 08:08 D0-G2-J3-K0 3 HD 137006 (0.291±0.008, A5 II/III) 0.4 1.1 14 909
2019-05-24 04:15 A0-G1-J2-J3 1 HD 141977 (0.251±0.006, K3 III) 1.4 1.1 3 303
2019-07-12 00:44 D0-G2-J3-K0 8 HD 137006 (0.291±0.008, A5 II/III) 0.6 – 1.1 1.1 3 909

Notes. The date format is year-month-day. N denotes the number of 5-minute files that have been recorded on the target. Reference †: uniform disk
diameter and SpT derived from the software package SearchCal from the Jean-Marie Mariotti Center (JMMC).

Fig. A.1. HD 141569 FT data, squared visibilities, closure phases, and U-V plane coverage, from the three different observation epochs. The colors
refer to the different GRAVITY spectral channels.
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Appendix B: MCMC posterior distribution functions
and visibility modeling

Fig. B.1. Results of the FT data fit. Top: MCMC marginal posterior distributions of the fitted parameters. The blue lines identify the median of the
distributions for the geometrically thin ring model (left) and for the Gaussian-convolved infinitesimally thin ring model (right). Center: Comparison
between the model squared visibilities (blue dots) and the observational data (white–black dots). The red dots represent the absolute residuals.
Bottom: Vis2 best fit to the geometrically thin ring model (blue continuous line) at λ=2.153 µm for three different position angles identified in the
insets. The visibility data are shown for all spectral channels by the red circles.
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Fig. B.2. Reduced chi-squared χ2
r from the geometrically thin ring model squared visibility fit as a function of the different model parameters.

Each point represents a squared visibility fit with the respective parameter fixed to that value while the other parameters are set free.
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Appendix C: Spectrum wavelength calibration,
telluric line correction, and photospheric
absorption correction

The 2.15-2.18 µm part of the HD 141569 spectrum is shown in
Fig. 2 after continuum-normalization, wavelength calibration,
telluric line correction (left panel), and photospheric absorption
correction (right panel). The continuum-normalization was done
in both the science object spectrum and in our inteferometric
calibrator HD 137006 spectrum (α = 230.932◦, δ = −01.022◦,
A5II/III SpT) by fitting the slope of each raw spectrum and
dividing the raw spectrum by the resulting fit. The first step of
the wavelength calibration was done by comparing the observed
wavelength positions of the telluric lines in the HD 141569 spec-
trum with respect to the positions of the telluric lines present
in the IR spectrum of the atmospheric transmission above Cerro
Pachon, generated using the ATRAN modeling software (Lord
1992) accounting for a 4.3 mm water vapor column and a 1.5 mm
airmass column, available on the Gemini Observatory web-
site. The atmospheric transmission spectrum was convolved by
a Gaussian with FHWM of 6 Å to have the same resolution
as GRAVITY. The same correction, which results in a 5 Å
blueshift, was also applied on the SC visibilities and differen-
tial phases, and on the HD 137006 spectrum, our calibrator star.
The calibrator was also used as a telluric spectroscopic stan-
dard. It shows a photospheric absorption feature at 2.16612 µm
that was taken out before the telluric correction on the science
object through a NextGen spectrum model (Allard et al. 1997;
Hauschildt et al. 1999), available on the GAIA archive, with the
following parameters: 7600 K effective temperature, 6.0 surface
gravity logarithm, and a −2.0 solar metallicity. Moreover, the
spectrum shows an absorption feature at around 2.16712 µm that
is not observed in the spectrum of the other calibrators observed
that night and that significantly affects the shape and the inten-
sity of the HD 141569 Brγ red peak. For this reason we chose
to calculate the atmospheric transmission function of the night
by taking the average of three calibrator spectra, HD 137006,
HD 149789, and HD 157029, shown in Fig. C1. The HD 141569
spectrum was then corrected for its radial velocity (−6.4 km/s)
and its proper motion with respect to the local standard of rest,
resulting in a correction of −8.7 km/s. Finally, the HD 141569
spectrum was corrected for atmospheric absorption through a
spectrum model from the Vienna New Model Grid of Stellar
Atmospheres (Heiter et al. 2002)3. The model accounts for a star
effective temperature of 9800 K, a surface gravity logarithm of
4.4 (Fairlamb et al. 2015), solar metallicity, and microturbulence
of 2.0 km/s (Folsom et al. 2012). Since the star is a fast rotator
having a projected linear velocity of v sin i = 222.0 ± 7.0 km/s
(Folsom et al. 2012), we included the rotation broadening effect
on the spectrum model using SPECTRUM (Gray & Corbally
1994). We decreased the intensity of the absorption model by
3 % to better fit our spectrum.

3 available on the NeMo webpage (Ch. Stütz and E. Paunzen, http:
//www.univie.ac.at/nemo/)

Fig. C.1. Atmospheric transmission functions derived from calibrator
spectra: HD 137006 (top), HD 149789 (center), and HD 157029 (bottom).
The last plot is the average transmission function of the three spectra.
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Appendix D: Pure-line visibility in presence of
photospheric absorption

The total visibility three-component model used to fit the SC
visibilities accounts for the contributions from the star, the cir-
cumstellar dust, and the line emitting gas. The total visibility as
a function of the wavelength is given by

VTot(u, 3, λ) =

α(λ) Fs(λ) Vs(u, 3, λ) + Fc(λ) Vc(u, 3, λ) + FL(λ) VL(u, 3, λ)
α(λ) Fs(λ) + Fc(λ) + FL(λ)

.(D.1)

The parameter α(λ) is the star continuum-normalized photo-
spheric absorption, which implies that α(λ) = 1 outside the Brγ
line and α(λ) < 1 inside the line. This parameter is estimated
from the Vienna New Model Grid of Stellar Atmospheres fit-
ting the stellar parameters of HD 141569, as described in Section
C. Fs(λ), Fc(λ), and FL(λ) are the wavelength-dependent fluxes
of, respectively, the stellar continuum (i.e., outside the line and
temperature-dependent), the dust ring continuum, and the Brγ
line emitting gas. FL(λ) varies across the line and vanishes to
zero outside the line. Vs(λ), Vc(λ), and VL(λ) are the intrin-
sic visibility functions of each of the three components taken
individually. From now on, the star is considered unresolved;
therefore, Vs is equal to 1, and we drop the explicit parameter
dependencies for convenience.
Outside the Brγ line (i.e., in the continuum region) the total
visibility is given by

VCont
Tot =

Fs + Fc Vc

Fs + Fc
. (D.2)

Using Eq. D.2 to replace Vc, we can rewrite Eq. D.1 as

VTot =
α Fs + VCont

Tot (Fs + Fc) − Fs + FL VL

α Fs + Fc + FL
, (D.3)

and using the definition of the line-to-continuum flux ratio (Eq.
13), Eq. D.3 becomes

VTot =
Fs (α − 1)

FTot
+

VCont
Tot

FL/C
+

FL VL

FTot
, (D.4)

where FTot = α Fs + Fc + FL. We note once again that FL/C is the
raw line-to-continuum ratio including the photospheric absorp-
tion. This quantity corresponds to the top left spectrum in Fig. 2.
We also note that outside the line (i.e., α=1 and FL=0), Eq. D.4
simplifies to Eq. D.2. Now, making use of the parameter β of
Eq. 14, we can write

FL

FTot
= 1 − α + β

1 + β

1
FL/C

, (D.5)

and finally Eq. D.4 becomes

VTot =
α − 1
1 + β

1
FL/C

+
VCont

Tot

FL/C
+ VL (1 − α + β

1 + β

1
FL/C

). (D.6)

Solving Eq. D.6 for VL, and noting that from our data VTot =
VCont

Tot since the SC visibilities are spectrally flat for all wave-
lengths and baselines, we obtain Eq. 12:

VL =
VTot [(1 + β) FL/C − 1 − β] − α + 1

(1 + β) FL/C − α − β . (D.7)

This equation tells us that the pure-line visbility can be estimated
from the total visibility in the line (which in our case is compa-
rable to the total visibility in the continuum) if the photospheric

absorption profile can be estimated, the continuum disk-to-star
flux ratio β is known and the continuum-normalized spectrum of
the line is accessible. We note, in the case where VTot = VCont

Tot ,
that the absence of photospheric absorption (i.e., α=1) leads sim-
ply to VL = VCont

Tot =VTot.
Finally, we see that the pure-line visibility VL is lower than 1 only
when FL/C is greater than 1, which is equivalent to detecting the
line above the continuum.
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Appendix E: MCMax silicate model

Here are shown three representative cases of our SED model-
ing through a silicate dust ring, as described in Section 5.2.
The first model accounts for particles with a lower-limit size of
1.26 µm, a dust mass of 10−5 M⊕, and 0 % carbon with a resulting
temperature distribution in the range 570 − 1070 K. The second
model accounts for particles with a lower-limit size of 40 µm,
a mass of 1.17×10−4 M⊕, and 0 % carbon with a resulting tem-
perature distribution in the range 620 − 840 K. The last model
accounts for particles with a lower-limit size of 40 µm, a mass
of 3.33×10−4 M⊕, and 25 % carbon with a resulting temperature
distribution in the range 440 − 770 K. We note that in all three
cases the near-IR excess is smaller than that obtained through
the GRAVITY data analysis, while the mid-IR emission exceeds
the photometry data. Decreasing the mid-IR excess would at the
same time decrease further the near-IR value, suggesting that a
pure silicate innermost ring model is not compatible with the
nature of the HD 141569 system.

Fig. E.1. MCMax models that account for the emission of the star and
only the first innermost silicate ring located at 0.8 au and 0.04 au in
width. The models differ for the particle size lower limit, dust mass,
and carbon percentage. The top plot model accounts for a dust mass
of 10−5 M⊕ and no carbon; the center plot model accounts for a mass
of 1.17×10−4 M⊕ and no carbon; the bottom plot model accounts for a
mass of 3.33×10−4 M⊕ and 25 % carbon.
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Appendix F: MCMax model density and
temperature structure for the QHP model

Fig. F.1. Density and temperature structure of the QHP model described in Section 5.2 and Table 2. The x-axis shows the radius in au, the y-axis the
height divided by the radius. The colors of the top plots indicate the mass density, the colors of the bottom plot the temperature. QHPs are located
at 0.8 au in a very narrow (0.04 au) ring. The optical depth at the observation wavelength is indicated by the radial (dotted line) τ = 1 surface. The
magenta dashed line represents the sublimation radius of the system. The dark red color in the temperature plot refers only to the location of the
QHPs and not their temperature, since QHPs do not have an equilibrium temperature value.

A112, page 21 of 22

52



A&A 655, A112 (2021)

Appendix G: Photometric data

Table G.1. HD 141569 photometric data.

Band λ Flux Beam size and reference
[µm] [Jy]

IUE 0.138 0.30 archival data
IUE 0.178 0.73 archival data
IUE 0.218 0.628 archival data
IUE 0.257 1.023 archival data
IUE 0.29 1.274 archival data
U 0.36 4.19 Sylvester et al. (1996)
B 0.436 8.37 Sylvester et al. (1996)
V 0.55 7.36 Sylvester et al. (1996)
R 0.708 5.92 Sylvester et al. (1996)
I 0.977 4.81 Sylvester et al. (1996)
J 1.22 3.1 2Mass
H 1.65 1.8 2Mass
K 2.16 1.29 2Mass
K 2.16 1.26±0.03 2Mass
K 2.16 1.25 2Mass
K 2.18 1.2 2Mass
K 2.19 1.22±0.02 2Mass
K 2.19 1.23 Penprase (1992)
K 2.24 1.3±0.04 Malfait et al. (1998)
ISO 2.45 1.07 ESA archive
ISO 3.23 0.76 ESA archive
WISE 3.4 0.79 ± 0.025 6.1" NASA archive
UKIRT 3.76 0.54 Sylvester et al. (1996)
ISO 4.26 0.44 ESA archive
WISE 4.6 0.49 ± 0.01 6.4"
ISO 5.89 0.40 ESA archive
ISO 6.76 0.43 ESA archive
ISO 7.76 0.82 ESA archive
ISO 8.70 0.62 ESA archive
AKARI 9.0 0.5178 ± 0.0104 NASA archive
ISO 9.77 0.52 ESA archive
ISO 10.7 0.58 ESA archive
OSCIR 10.8 0.318 ± 0.016 Fisher et al. (2000)
Michelle 11.2 0.338 ± 0.034 Moerchen et al. (2010)
ISO 11.48 0.635 14’×20’ ESA archive
IRAS 12.0 0.55 ± 0.04 1’×5’ NASA archive
WISE 12.0 0.38 ± 0.006 6.5’ NASA archive
MIRLIN 12.5 0.333 ± 0.022 Marsh et al. (2002)
MIRLIN 17.9 0.936 ± 0.094 Marsh et al. (2002)
AKARI 18 0.8655 ± 0.0168 NASA archive
Michelle 18.1 0.883 ± 0.147 Moerchen et al. (2010)
OSCIR 18.2 0.646 ± 0.035 Fisher et al. (2000)
MIRLIN 20.8 1.19 ± 0.16 Marsh et al. (2002)
WISE 22 1.44 ± 0.027 12" NASA archive
MIPS 24.0 1.47 ± 0.01 6" Spitzer archive
IRAS 25 1.87 ± 0.13 1’×5’ NASA archive
IRAS 60 5.54 ± 0.49 2’×5’ NASA archive
PACS-Spec 63.2 2.98 ± 0.01 Thi et al. (2014)
MIPS 70 4.70 ± 0.02 18" Spitzer archive
PACS-Spec 72.8 3.91 ± 0.03 Thi et al. (2014)
PACS-Spec 76.4 3.30 ± 0.03 Thi et al. (2014)
PACS-Spec 90 2.80 ± 0.03 Thi et al. (2014)
IRAS 100 3.48 ± 0.35 4’×5’ NASA archive
PACS-Spec 145 1.1 ± 0.1 Thi et al. (2014)
PACS-Spec 158 1.18 ± 0.02 Thi et al. (2014)
PACS-Spec 180 0.83 ± 0.04 Thi et al. (2014)
SCUBA 450 0.0649 ± 0.0133 Sandell et al. (2011)
SCUBA 850 0.0140 ± 0.0020 Sandell et al. (2011)
LABOCA 870 0.0126 ± 0.0046 Nilsson et al. (2010)
MAMBO 1200 0.0047 ± 0.0005 Meeus et al. (2012)
SCUBA 1350 0.0054 ± 0.0001 Sylvester et al. (2001)

Notes. Data without references are from Merín et al. (2004).

Appendix H: Inclination and position angle of outer
disks from the literature

Table H.1. Inclination and position angle of the HD 141569
outer rings.

Reference Radius i PANE
[au] [deg] [deg]

Dust components
Augereau et al. (1999) 361 ± 10 52.5 ± 4.5 −4.6 ± 1.0
Weinberger et al. (1999) 206 51 ± 3 −4.0 ± 5.0
Biller et al. (2015) 232 ± 3 44.9 ± 0.5 −8.9 ± 1.3

385 ± 13 47.3 ± 3.3 −11.3 ± 6.1
Perrot et al. (2016) 185 ± 1 56.9 ± 1.0 −3.9 ± 0.4

88 ± 2 57.6 ± 1.3 −4.0 ± 2.0
61 ± 1 56.0 ± 2.2 −5.5 ± 1.0
45 ± 1 57.9 ± 1.3 −6.3 ± 1.1

Currie et al. (2016) 37 ± 2 56.0 ± 4.0 −1.2 ± 2.4
White et al. (2016) 81 55 −8.8
Mawet et al. (2017) 37 ± 4 53.0 ± 6.0 −11.0 ± 8.0
This work ∼ 1 58.5 ± 1.6 −1.8 ± 1.1
Gas components
White et al. (2016) 81 − 199 53.4 ± 1.0 −3.4 ± 0.6
Di Folco et al. (2020) 17 − 277 56 − 58 −4 ± 1

35 − 232 53 ± 2 0 ± 2
This work 0.01 − 0.09 58.5 −10 ± 7
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2.4 Comments

From the previous work, we saw the exceptional power of GRAVITY, capable of detecting a
very faint K-band emission in the first au of HD 141569, previously thought to be dust-depleted.
Moreover, thanks to the resolution achievable through the differential phases, we were able to
study the kinematics of the Brγ-line emitting gas, confirming at first order the scenario of a
Keplerian disk inside ∼0.1 au, already hinted by the double-peaked emission line.

2.4.1 On the Brγ-line Gas Keplerian Velocity Deviations

It is interesting to note that the derived Brγ-line emitting gas photocenters shifts show some
deviations from Keplerian velocity. This is better seen in Fig. 2.3. In the top plot we see the
HD 141569 gas photocenters shifts derived from the GRAVITY data, while in the bottom plot,
the gas photocenters shifts derived from the images of the Keplerian-rotating axisymmetric
disk model are shown. I remember here that the goal of the geometrical model was not to
recreate perfectly the observations, but to check if the observational data were consistent with
a Keplerian-rotating disk. This is true, as for both plots we note that the photocenters are all
aligned with a PA∼ -10◦, and that the blue-shifted photocenters are all located in the SE region
while the red-shifted photocenters in the NW one. However, two differences are clear. Firstly,
the GRAVITY photocenters are located closer to the star with respect to the ones of the ideal
case; secondly some GRAVITY photocenters that should reflect low velocity gas (empty mark-
ers) are instead located close to the star, closer than photocenters reflecting high velocity gas
(red and blue full markers), suggesting super-Keplerian velocities. The deviations seem to be
asymmetric, with the blue empty markers being closer to the star than the red empty markers.
The first discrepancy may be attributed on the fact that the model does not reflect in perfect
details the gas region of HD 141569, as we can see also in the differences between the GRAV-
ITY spectrum and the model spectrum in Fig. 6 of the paper. However, these differences cannot
explain the Keplerian-velocity deviations observed in the GRAVITY data.

Perturbations on the gas particles’ velocity may be caused by the presence of an embedded
planet, that would launch spiral waves both inside and outside its orbit (e.g., Ogilvie et al. 2002).
ALMA line observations were used in this context with the goal of spotting possible planets,
by detecting perturbations in the velocity pattern of the gas disks surrounding HD 163296 and
HD 97048 (see Fig. 2.4, Pinte et al. 2018, 2019). The authors show through hydrodynamical
simulations that a two-Jupiter mass planet located at hundreds of au can explain the deviations
seen by ALMA for both systems. This scenario is consistent when the planet is embedded in a
region of the disk where both the dust and gas components are present.
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Figure 2.3: Top: gas photocenters shifts derived from HD 141560 GRAVITY data. Bottom: gas
photocenters shifts derived from the Keplerian-rotating axisymmetric disk model described in
the paper. Colors refer to the different spectral channels.
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Figure 2.4: Left: 3D hydrodynamics simulation of the HD 163296 disk surface density in the
presence of a planet. Right: Keplerian velocity deviations of the azimuthal velocity. Figure
from Pinte et al. (2018).

In the case of HD 141569, we allegedly see velocity deviations in gas located at most ∼ 0.1 au
from the star, in a region well inside the dust sublimation radius and the newly detected dust ring.
Ultra-short-period planets, which are known to settle inside the system truncation radius, may
be a possible solution (Becker et al. 2021, and referecens therein). However, for planets to move
to ultra-short-period orbits, the star needs to have a strong magnetic field (∼ 1 kG, Becker et al.
2021), which is not the case for HD 141569, being its magnetic field never detected, probably
due to its weakness (e.g., Alecian et al. 2013; Wade et al. 2007). Lastly, we cannot rule out the
fact that the Keplerian-velocity deviations could be due to a limit of our spectral resolution (R =
4000), or due to a limitation from the use of the ATs, used to make the GRAVITY observations.
The ATs are indeed less sensitive than the UTs, due to their smaller diameter, 1.8 m for the
ATs versus 8.2 m for the UTs. This could explain why the deviations are only seen in the
spectral channels close to the Brγ-line wavelength rest position, which correspond to the region
of the spectrum between the two peaks, and therefore a fainter emission. Higher sensitivity and
spectral resolution observations may be useful to confirm or discredit the deviations.

2.4.2 On the Asymmetry of the Brγ-line Emission

The Keplerian disk configuration of the Brγ-line emitting gas tested in the article would favour
a scenario for HD 141569 in which the bulk of the emission stems from recombination line
emission from ionized hydrogen by stellar radiation. As mentioned in the introduction how-
ever, a certain line profile shape is not uniquely reproduced by a specific scenario, but different
scenarios can reproduce the same line profile. Additionally, different physical processes can
contribute at the same time to the gas emission of a given system. Even though the pure-line
photocenters shifts are consistent at first order with a Keplerian gas disk scenario, we saw the
presence of Keplerian velocity deviations which may hint at the presence of an ongoing ad-
ditional physical process. This may also be hinted by the HD 141569 Brγ-line spectrum. As
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Figure 2.5: HD 141569 continuum-normalized Brγ-line average spectrum from the GRAVITY
data sets of 18 March 2019 (orange) and 12 July 2019 (purple). Both spectra are wavelength
calibrated with respect to the telluric lines positions, the radial velocity of the system, and the
local standard of rest velocity. No telluric lines correction is applied.

discussed in the article, the GRAVITY spectrum shows a mild asymmetry between the blue
and red peaks, asymmetry not seen with other instruments at different epochs (see Fig. 9 of the
article). In the article I suggested that such asymmetry could be caused by some telluric or
instrumental calibration effects. To check if this is true, I plotted in Fig. 2.5 the HD 141569
continuum-normalized Brγ-line average spectrum from the GRAVITY data sets of 18 March
2019 (orange) and 12 July 2019 (purple, same SC data set analysed in the article). The spectra
are wavelength calibrated with respect to the telluric lines positions, the radial velocity of the
system, and the local standard of rest velocity, but the telluric absorption lines are not corrected,
unlike the July 2019 GRAVITY spectrum shown in Fig. 9 of the article. Firstly, I note that the
asymmetry is already present in the spectrum even before the telluric lines correction. Secondly,
I note that in the March spectrum the asymmetry is less marked; the blue peak is more blue-
shifted, resembling the shape seen by the other instruments, and the emission between the two
peaks is more intense and more symmetric with respect to the July spectrum. Nonetheless, the
red peak is still less intense and more narrow in shape than the blue peak. Therefore, I disfavour
the telluric lines correction as the artificial cause of the asymmetry.

The asymmetry could be the result of outliers data propagated through the spectrum averaging
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Figure 2.6: HD 141569 raw Brγ-line spectra from the GRAVITY data set of 18 March 2019.
The dashed-black line represent the Brγ-line wavelength rest position. The dark circles refer to
data classified subjectively as non-reliable if taken independently.

process. To check if this is the case, in Fig. 2.6 and Fig. 2.7, I show the HD 141569 raw GRAV-
ITY spectra for the March 2019 and July 2019 data set, respectively. As one can see, the data
are not of the highest quality, as in some files the Brγ-line shape is difficult to relate to a double-
peaked one. It is indeed the main goal of the averaging process itself to smooth out outliers data
and to improve the signal-to-noise-ratio. For the March data set, I subjectively classify by eye
5 files out of 12 as non-reliable if taken independently (marked by the dark circles). In the re-
maining files, a symmetric spectrum is only seen in 2 of them. For the July data set, 14 files out
of 32 are classified as non-reliable if taken independently. In the remaining files, a symmetric
spectrum is only seen in 4 of them. This is of course reflected by the average spectra shown in
Fig. 2.5. Since the asymmetric spectra are not the exception, I disfavour the presence of outliers
data as the artificial cause of the asymmetry.

Two last explanations are left: limitations due to the use of the ATs, and, as mentioned, addi-
tional real physical processes occurring in the circumstellar environment of the system. For the
former, observations with the UTs could confirm or deny the asymmetry with more reliability,
as for the Keplerian velocity deviations. For the latter only conjectures can be made. Recently,
Gravity Collaboration et al. (2023) tested a radiative transfer model of magnetospheric accre-
tion to several T Tauri stars by comparing the observed spectra and gas photocenters shifts to
the ones derived through the model. I note that the quantities they derived through models with
magnetosphere inclination of ≳ 60◦ resemble the ones HD 141569, i.e. a double-peaked spec-
trum with a weaker red-peak and aligned Keplerian-looking photocenters shifts. However, the
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Figure 2.7: HD 141569 raw Brγ-line spectra from the GRAVITY data set of 12 July 2019. The
dashed-black line represent the Brγ-line wavelength rest position. The dark circles refer to data
classified subjectively as non-reliable if taken independently.
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HD 141569 magnetic field has never been detected, probably due to its weakness (e.g., Alecian
et al. 2013; Wade et al. 2007), therefore one should expect this scenario to play a minor role,
if not null. Tambovtseva et al. (2014) suggested through non-LTE modeling that a weaker red-
shifted emission would be produced in the scenario of a disk or X-wind affected by screening
and extinction effects due to an opaque gas and/or dust disk. Beside explaining the asymmetry
as an emission decrement on the red side of the spectrum due to accretion/extinction, the sce-
nario of an emission increment on the blue side due to the presence of an outflow/jet towards our
line-of-sight is likewise a possibility, where the Brγ-line emission would trace the hot gas at the
base of the jet (e.g., Tambovtseva et al. 2016). Additional modeling are required to discriminate
between the models, but more accurate and higher quality data would be the priority.

2.4.3 On the Transitional Disks Candidates

HD 141569 is not the only transitional disk ever discovered. Thanks to ALMA, rotational tran-
sitions of CO have been detected in a few systems, which show debris disk-like properties in
their dust component (e.g., Moór et al. 2017, and references therein). As HD 141569, these
sources show a seeming featureless SED in the near-IR, shown in Fig. 2.8, suggesting a dust-
depleted inner hole. However, GRAVITY thought us that such conclusion is too simplistic and
precipitous. Analysis of these transitional systems at mas spatial scales would be therefore of
prime interest, since a systematic detection of dust particles in terrestrial planets formation re-
gions of relatively young stars, would put some constraints on the unfamiliar disk evolution and
planet formation processes. Unfortunately, near-IR mas scale observations of the known hybrid
disk candidates are available only for three of them. Here I shortly summarize what we already
know about these candidates, advocating for future observations for a few of them. All the star
parameters can be found in Rebollido et al. (2018) and references therein.

– HD 9672 (49 Ceti). Herbig A1V 40 Myr old star located at a distance of 59.4 pc. With a
total fractional luminosity of 8.5 × 10−4 (Holland et al. 2017), its SED excess can be described
by a low temperature (60 K) component and a warm one (165 K, Roberge et al. 2013). Axisym-
metric CO emission was detected extending from ∼ 20 to 220 au through ALMA observations
(Hughes et al. 2017), with an estimated significant gas mass of 1− 35× 10−2 M⊕ (Higuchi et al.
2020; Moór et al. 2019). The asymmetry was also seen in the SPHERE near-IR scattered light
emission, that extends from ∼ 65 to 250 au (Choquet et al. 2017), and in the mm dust emission,
extending between ∼ 60 and 300 au. The dust is estimated to have a mass of 5 − 150 × 10−3 M⊕
(Hughes et al. 2017; Moór et al. 2019). The disk mass and geometry suggest the presence of a
sculpting planet/s (Pearce et al. 2022). The low H2/CO ratio and the small scale height of the
disk suggest that the gas may be of secondary origin (Higuchi et al. 2020; Hughes et al. 2017).
However, the fact that the gas reaches a distance of 20 au from the star while the dust stops
at 60 au, favours the primordial gas scenario (e.g., Kóspál et al. 2013). The system was ob-
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served with PIONIER through the small and medium baseline configurations in 2014 and 2017
(see Fig. 2.9). The squared visibilities are consistent with unity at all wavelength and baselines,
with no signals in the closure phases, reinforcing the scenario of a dust-depleted inner region.
Nonetheless, Ca II and Na I non-photospheric absorptions lines were detected, which are inter-
preted as a tracer of hot gas released by comets or small grains close to the star (Rebollido et al.
2018).

– HD 21997. Herbig A3IV/V 42 Myr old star located at a distance of 68.3 pc. With a total
fractional luminosity of 5.9×10−4, its SED excess can be described by a single cold component
(65 K, Moór et al. 2011). ALMA observations detected mm dust emission extending from ∼ 55
to 150 au, dust having a mass of 9 × 10−2 M⊕ (Moór et al. 2013). CO emission was also de-
tected, extending from ∼ 25 to 140 au, with an estimated gas mass of 4− 85× 10−2 M⊕ (Higuchi
et al. 2020; Kóspál et al. 2013). The dislocation of the gas and dust components, as in 49 Ceti,
favours a primordial gas scenario (Kóspál et al. 2013). No near-IR interferometric observations
are available.

– HD 32297. Herbig A0V <30 Myr old star located at a distance of 136.2 pc. With a total
fractional luminosity of 5.4 × 10−3 (Kral et al. 2017), its SED excess can be described by a
low temperature (80 K) component and a warm one (240 K, Donaldson et al. 2013). A mm halo
emission extending up to 440 au was detected by ALMA (e.g., MacGregor et al. 2018; Olofsson
et al. 2022), sharing the same geometry of the smaller particles counterpart seen in SPHERE
near-IR scattered light images. The latter emission is distributed in an edge-on (∼ 87◦) disk
extending up to 130 au (Olofsson et al. 2022). The dust mass is estimated to be 0.6 M⊕ (Moór
et al. 2019). The inner rim of the dust disk is estimated to be at ∼ 20 au from H-band scattered
light images (Duchêne et al. 2020). CO gas emission is detected, with a total mass estimate of
7 × 10−2 M⊕, and co-located with the dust (Moór et al. 2019). Supposedly second generation
hot gas (Ca II and Na I) is detected as in 49 Ceti (Rebollido et al. 2018). The system was ob-
served with PIONIER through the small baseline configuration in 2018 (see Fig. 2.9). The data
are quite noisy but it is clear that the squared visibilities reach values down to ∼ 0.6, hinting at
the presence of hot dust in the first few au of the system. The small baseline configuration is
sensitive to the total light fraction distributed in a large-scale halo and/or to the presence of a
substellar companion (Setterholm et al. 2018). The closure phases signals, consistent with zero
at all baselines and wavelength within the error bars, hint to a symmetric emission at the spatial
resolution of PIONIER, suggesting a hot-counterpart of the halo seen by ALMA. Moreover, no
direct evidence of a substellar companion was found in the H-band scattered light images by
Duchêne et al. (2020). Interferometric observations with medium and large baseline configura-
tions are highly recommended.

– HD 110058. Herbig A0V 15 Myr old star located at a distance of 188.7 pc. With a IR frac-
tional luminosity of 2×10−3, its SED excess can be described by a warm temperature component
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(105 K, Hales et al. 2017). ALMA observations detected mm dust emission in an almost edge-
on disk (∼ 82◦) extending from ∼ 25 to 70 au, as well as CO emission extending from ∼ 7 to
20 au, with an estimated dust mass of 8 × 10−2 M⊕ and a gas mass of 7 × 10−2 M⊕ (Hales et al.
2022). Also in this object, the gas and dust components are not co-located. The edge-on ge-
ometry was also seen through SPHERE near-IR imaging, extending from ∼ 20 to 65 au (Kasper
et al. 2015). The latter images show a pair of symmetrically placed knots at ∼ 35 au and a pair of
symmetric, hooklike features in both disk’s wings, which the authors interpret with the presence
of an inner and an outer planetesimal belt. Atomic lines (Ca II and Na I) were detected (Hales
et al. 2017; Rebollido et al. 2018). No near-IR interferometric observations are available.

– HD 121191. Herbig A5IV/V 16 Myr old star located at a distance of 135.9 pc. With a total
fractional luminosity of 2.7×10−3 (Kral et al. 2017), its SED excess can be described by a warm
temperature (120 K) component and a hot one (555 K, Vican et al. 2016). Good fit results were
also obtained by Melis et al. (2013) with colder dust components (95 and 450 K), highlighting
the degeneracy of SED fit solutions mentioned before. ALMA observations detected mm dust
emission from ∼ 20 up to 80 au with a dust mass of 9.5× 10−3 M⊕ (Moór et al. 2017). CO emis-
sion was also detected, extending from ∼ 15 to 30 au, with a gas mass estimate of 3 × 10−3 M⊕
(Kral et al. 2020; Moór et al. 2017). No near-IR interferometric observations are available.
However, the hot dust presence suggested by the clear mid-IR excess, makes this object a prime
candidate for such observations in the context of hybrid disk systems.

– HD 121617. Herbig A1V 16 Myr old star located at a distance of 128.2 pc. With a total frac-
tional luminosity of 4.8 × 10−3 (Moór et al. 2017), its SED excess can be described by a single
warm component (105 K, Moór et al. 2011). ALMA observations detected mm dust emission
extending from ∼ 50 to 105 au (Pearce et al. 2022) with a dust mass estimate of 0.14 M⊕ (Moór
et al. 2017). CO emission was also detected, co-located with the dust, with an estimated gas
mass of 2×10−2 M⊕ (Moór et al. 2017). As for 49 Ceti, the disk mass and geometry suggest the
presence of a sculpting planet/s (Pearce et al. 2022). No near-IR interferometric observations
are available; based on the SED, this object should raise interest for such observations.

– HD 131488. Herbig A1V 16 Myr old star located at a distance of 150.0 pc. With a total
fractional luminosity of 5.5 × 10−3 (Moór et al. 2017), its SED excess can be described by a
low temperature (95 K) component and a hot one (570 K, Vican et al. 2016). Good fit results
were also obtained by Melis et al. (2013) with two components having temperature of 100 and
750 K. ALMA observations detected mm dust emission up to ∼ 170 au in a almost edge one disk
(∼ 82◦) characterized by a central depression and a dust mass of 0.32 M⊕ (Moór et al. 2017). CO
emission was also detected, co-located with the dust, with an estimated gas mass of 9×10−2 M⊕
(Moór et al. 2017). Ca II and Na I were also detected (Rebollido et al. 2018). No near-IR inter-
ferometric observations are available. As HD 121191, based on the SED, this object is a prime
candidate for mas observations of its innermost regions.
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– HD 131835. Herbig A2IV 16 Myr old star located at a distance of 145.6 pc. With a total
fractional luminosity of 3 × 10−3 (Moór et al. 2017), its SED excess can be described by a cold
(70 K) component and a warm one (175 K, Moór et al. 2015). ALMA observations detected mm
dust emission extending in a highly inclined axisymmetric disk (∼ 80◦) from ∼ 50 up to 140 au,
with a total mass of 0.7 M⊕ (Kral et al. 2019). Mid-IR observations have shown the presence
of a small particles dust halo up to ∼ 350 au (Hung et al. 2015). SPHERE revealed three con-
centric rings in scattered light at ∼ 40, 65, and 100 au (Feldt et al. 2017). The disk mass and
geometry suggest the presence of a sculpting planet/s (Pearce et al. 2022). CO emission was
also detected, co-located with the dust, with an estimated gas mass of 5− 600× 10−4 M⊕ (Hales
et al. 2019; Kral et al. 2019; Moór et al. 2015; Moór et al. 2017). Thermochemical modeling
favours a secondary nature gas scenario (Hales et al. 2019), as the detection of Ca II and Na I
non-photospheric absorption lines (Rebollido et al. 2018). The dust collisional model of Kral
et al. (2016) suggests instead a primordial nature (Kral et al. 2017). No near-IR interferometric
observations are available.

– HD 138813. Herbig A0V 10 Myr old star located at a distance of 134.4 pc. With a total frac-
tional luminosity of 9×10−4, its SED excess can be described by a cold (95 K) component and a
warm one (195 K, Chen et al. 2014). ALMA observations detected mm dust emission in a ring
extending from ∼ 70 up to 130 au, with a total mass of 8 − 1100 × 10−3 M⊕ (Lieman-Sifry et al.
2016; Mathews et al. 2012). The disk mass and geometry suggest the presence of a sculpting
planet/s (Pearce et al. 2022). CO emission was also detected, co-located with the dust, with an
estimated gas mass of 10−3 M⊕ (Hales et al. 2019). The dust collisional model of Kral et al.
(2016) suggests a primordial nature for the CO (Kral et al. 2017). No near-IR interferometric
observations are available.

– HD 156623. Herbig A0V 16 Myr old star located at a distance of 118.3 pc. With a total frac-
tional luminosity of 5 × 10−3, its SED excess can be described by a warm (125 K) component
and a hot one (625 K, Moór et al. 2017). ALMA observations detected mm dust emission in a
disk extending up to ∼ 150 au, with no resolved inner hole (Lieman-Sifry et al. 2016), and with
a total mass of 3 × 10−2 M⊕ (Moór et al. 2017). The same geometry is seen through H-band
scattered light images (Esposito et al. 2020). CO emission was also detected, co-located with
the dust, with an estimated gas mass of 10−3 M⊕ (Hales et al. 2019). The latter authours suggest
secondary a nature for the gas. No near-IR interferometric observations are available; based on
the SED, this object should raise interest for such observations.

– HD 172555. Herbig A7V 23 Myr old star located at a distance of 28.6 pc. With a total frac-
tional luminosity of 5×10−4, its SED excess can be described by a warm component (190 K, Ab-
sil et al. 2021). No ALMA observations are available. CO emission was not detected above the
5σ level by the APEX telescope (Güsten et al. 2006), translating in a gas mass of < 4×10−5 M⊕
(Moór et al. 2011). The system was observed with PIONIER through the small baseline config-
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uration in few occasions. In Fig. 2.9, data of the earliest and latest observations are shown. The
PIONIER data were studied by Ertel et al. (2014, 2016). The authors considered the object as
marginally resolved (we can see the squared visibilities reaching ∼ 0.9 for the 2017 epoch) sug-
gesting the presence of a hot halo as in HD 32997. Mid-IR interferometric MIDI observations
have detected dust as close as ∼1 au, up to 8 au (Smith et al. 2012). SPHERE polarized light
images confirm the outer radius but cannot resolve the inner one (Engler et al. 2018). The total
dust mass was estimated from the 160 µm flux to be 5×10−4 M⊕. Transient absorption Ca II and
H doublet lines are detected, suggesting exocomets (Kiefer et al. 2014; Rebollido et al. 2018).
This object is a prime example of the capability and the need of interferometric observations to
assess more confidently the presence of dust in the innermost regions of protoplanetary disks,
advocating for such observations for all the systems previously described.
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Figure 2.8: SEDs of YSOs hybrid disk candidates. Blue marks represent the photometric data
listed in the VizieR Photometry tool (http://vizier.cds.unistra.fr/vizier/sed/), de-
tected around 1 arcsec from the star. The red lines represent a black-body function with star
parameters values from Rebollido et al. (2018).
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Figure 2.8: Continued.
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Figure 2.9: PIONIER calibrated data of 49 Ceti, HD 32997, and HD 172555. Left
panels: squared visibilities; central panels: closure phases; right panels: (u, v)-
plane coverage. Archival data from the JMMC Optical interferometry DataBase
(http://oidb.jmmc.fr/index.html).
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Chapter 3

HD 98922’s Time-Variable Inner Region

In this chapter I present a study on HD 98922. The work here presented is an unrefined draft of
an open-access article that was accepted for publication by the A&A journal.

3.1 Science Case Overview

Since the start of PIONIER and GRAVITY operations, a substantial number of YSOs has been
observed in their near-IR emission of their innermost regions. The high-quality data, compared
to the ones retrieved with past instruments like the Keck interferometer, and the homogeneous
sample covering from T Tauri to the most massive Herbig stars, allowed to carry out meaning-
ful statistical studies. Important results were found for both the H- and K-band emissions. The
radius-luminosity relation (L ∝ R1/2), firstly found by Monnier et al. (2005), was confirmed and
extended to higher luminosity stars (∼ 104 L⊙), but with a significant scatter for the luminosity
range between 102 − 104 L⊙ (Gravity Collaboration et al. 2019; Lazareff et al. 2017). A hint of
departure from the relationship was seen for low luminosity stars (0.4 − 10 L⊙), for which the
K-band circumstellar environment size is larger than expected (GRAVITY Collaboration et al.
2021c). Smooth, wide, and asymmetric rings models best fitted the interferometric data for
both bands (GRAVITY Collaboration et al. 2021c; Gravity Collaboration et al. 2019; Lazareff
et al. 2017). While inclination effects were able to explain closure phase signals up to 25◦, they
cannot explain stronger ones, and other scenario must be invoked to explain the origin of the
asymmetries (Gravity Collaboration et al. 2019). Through image reconstruction, Kluska et al.
(2020) found that most of the objects of their sample show a centrally peaked continuous H-
band emission, while the most resolved objects images show complex asymmetric brightness
distributions, hardly reproduced by geometrical parametric models.

For this reason, even though statistical studies are of high relevance, some objects require a
more in-depth study. Moreover, as suggested by Kluska et al. (2020), interferometric obser-
vations of regions inside a few au could be sensitive to the temporal evolution of the system
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observed, that may have time-scales down to a few weeks, if the observations are taken in a
time interval comparable to the latter. A strong assumption made in the previously mentioned
works is the temporal non-variability of the objects. Interferometric data taken months or years
apart are combined in order to improve the signal-to-noise ratio and the (u, v)-plane coverage,
risking the disruption of the image reconstruction process and spurious geometrical model fit-
ting results. Additionally, the ring half-flux radius of the Lazareff et al. (2017) model, which
is used to refer to the circumstellar environment size and on which are based the statistical
geometrical model fitting studies above mentioned, can be misleading about the real size and
geometrical shape of a system. To better illustrate this, I refer to Fig. 3.1. In the four plots, 4
different models are depicted; they have the same half-flux radius (a) and inclination (i), and
differ only on the kr parameter, the ratio between the ellipsoidal kernel radius and the wireframe
radius (the latter is depicted by the red lines). The wireframe is convolved with the kernel to
produce a spatially thick ring, or, if the kernel radius is much larger than the wireframe one, an
ellipsoidal environment. As we note, models with equal half-flux radius can be compact, ex-
tended, gapped, or centrally peaked. On the base of these two remarks, a more careful approach
is needed.

HD 98922 is a well studied Herbig star with a spectral type between B9Ve and A2III (Caratti
o Garatti et al. 2015; Hales et al. 2014) and classified as Meuus Group II (Garufi et al. 2022).
Its innermost regions show H- and K-band emission with half-flux radii of 1.2 au and 1.5 au,
respectively (Gravity Collaboration et al. 2019; Lazareff et al. 2017). The H-band estimate was
derived by combining data taken between December 2012 and February 2013, which well cover
the (u, v)−plane. The K-band estimate was derived by combining data taken between February
and March 2017. The latter data were taken only through the astrometric configuration. The
lack of small baseline configuration data can be problematic since they are needed to constrain
the star-halo-ring flux contribution ratio (Setterholm et al. 2018), and therefore the size of the
circumstellar environment. The image reconstruction done by Kluska et al. (2020), using the
same data set of Lazareff et al. (2017), shows an asymmetric centrally depressed environment
brightness distribution, that extends inside the dust sublimation radius of the system. Since
the publication of these works, the object has been observed multiple times and with different
(u, v)-plane coverage. A total of 20 PIONIER observations between 2011 and 2016, and 13
GRAVITY observations between 2017 and 2022 were taken, spaced in time by days, weeks,
months, and years, giving us a unique opportunity to monitor possible time-variability over a
rather extended period. Additionally, the high-quality spectroscopic capabilities of GRAVITY
allows us to study in detail the Brγ-line emitting gas phase and its spatial morphology, for a first
time ever interferometric time-variability study of the Brγ-line in a YSO.
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Figure 3.1: Symmetric ring model of Lazareff et al. (2017) for log10(a) = 0.5, i = 0◦, and
different values of log10(kr). The red circle represent the ring wireframe radius. The star marker
is for illustration purpose.

3.2 Goals of the Study

The goal of this work is to depict the morphology of the innermost circumstellar environment of
HD 98922, already known to be asymmetric and to be the main contributor of the H- and K-band
system’s emission. The Brγ-line emission is also analysed, and evaluated for a possible con-
nection with the dust emission. Particular attention is invested on the potential time-variability
of both dust and gas components, suggested by PIONIER and GRAVITY data taken in different
epochs with similar (u, v)-plane coverage.
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3.3 Approach, Steps, and Manuscript

The study is based mainly on GRAVITY and PIONIER data. The GRAVITY data were taken
within the framework of the GTO YSO program, while the PIONIER ones are archival data.
They came in my possession already reduced and calibrated, processes done with the GRAV-
ITY data reduction software (Lapeyrere et al. 2014) for the GRAVITY data, and the pndrs
package, described in Le Bouquin et al. (2011), for the PIONIER ones. As first author of a
large cooperation article, here I list the actions done from my side:

(i) In depth literature study on HD 98922 and YSOs variability, which allowed me to write
the Introduction Section of the manuscript.

(ii) Took part as observer in the GTO YSO program observation run in January 2020 un-
der program ID: 0104.C-0567(A), which led to the acquisition of the 27/01/2020 epoch
GRAVITY data set of HD 98922, used in this work.

(iii) Preliminary data analysis and calibration: 1) cleaning of the FT and SC data of outliers;
2) application of a wavelength calibration on the SC data, based on the atmospheric tel-
luric lines position, radial velocity of the star, and the local standard of rest velocity; 3)
calculation of the star Brγ-line photospheric absorption feature; 4) visual and quantita-
tive examination of the SC and FT data to inspect for hints of interferometric variability.
Observations taken at different epochs with similar (u, v)-plane coverage show negligible
variation in the squared visibilities, suggesting no symmetrical variations (star-disk-halo
flux contribution ratio variations) in the system. Significant variations in the closure phases
instead suggest asymmetric time-dependent variations in both H- and K-band continuum
components. From the work based on this step, the Data Set Description Section of the
manuscript was written.

(iv) Fit of the FT data for each epoch with emcee (Foreman-Mackey et al. 2013), through
parametric geometrical models described in Lazareff et al. (2017), in order to get informa-
tion on the flux contribution of the circumstellar environment, its brightness distribution,
and its time-variability. The results from this step led to the idea that independent fits of
each epoch may lead to spurious variability of the fitted parameters that may not reflect a
physical temporal variability of the system.

(v) Based on the results of step (iv), I tested my geometrical continuum model for variability,
by fitting an image of a synthetic non-variable system, observed with different baseline
configurations. The image was provided by Dr. Labadie. The test confirmed the spurious
variability idea of step (iv).

(vi) Therefore, a Python code was written to fit all the FT epochs simultaneously but indepen-
dently: all the parameters of the model are set to be constant in time, except for one (more
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details in the Methodology Section of the manuscript). Different models were tested:
time-variable flux ratio, time-variable disk inclination, time-variable disk size, and time-
variable disk azimuthal modulation. The latter fitted the best the data, suggesting a time-
variable crescent feature for the H- and K-band continuum, that extends inside the dust
sublimation radius of the system. This global fit approach allows to avoid the spurious
variability mentioned above, to bypass the poor (u, v)-plane coverage of the single epochs,
and to avoid for the known star-disk flux contribution degeneracy and the degeneracy be-
tween the halo contribution and the radial shape of the disk ( fLor parameter).

(vii) Inspection for degenerate fitting solutions by looking for possible local minima in the
parameters’ χ2 maps.

(viii) Regarding the SC data, the squared visibilities were fitted with parametric geometrical
models in order to get an estimate of the emitting gas region size. The pure-line differ-
ential phases, as well as the pure-line photocenters shifts, were calculated from the total
observed differential phases. I present more details of steps (v), (vi), (vii), and (viii) in
the Methodology Section of the manuscript. The Brγ-line data analysis suggests a time-
variable gas region in its location with respect to the star. The region seems to follow at
first order the period of the crescent dusty feature.

(ix) HD 98922 SED modeling using the RT code MCMAx (Min et al. 2009), to get information
on the dust properties. Specifically, I wanted to test the scenario of gravitational instability
as origin of the crescent feature suggested by the modeling of the continuum GRAVITY
and PIONIER data, by estimating the surface density distribution of HD 98922 circum-
stellar environment. Different models were tested to account for the emission detected by
PIONIER and GRAVITY: pure silicate grains, carbonaceous silicate grains, and quantum
heated particles. All the above models fit well the photometric data, and all of them are
characterised by a low surface density, disfavoring the gravitational instability scenario. A
comment on the SED fit and the models used is done in Section 3.4.

(x) A Python code was written to fit the time-variable azimuthal modulation position angle
of the dusty disk, derived in step (vi), with a cosine function, to estimate at first order its
orbital period around the star. The fit suggests a period of ∼ 1 yr.

(xi) A Python code was written to calculate the equivalent width of the Brγ-line, its luminosity,
and the accretion luminosity of the system, to examine possible line time variability and
evaluate different origin mechanisms. The normalized peak flux varies between 1.17 and
1.25, and the equivalent width of the line increases by 30 % in ∼ 4 yrs.

(xii) In combination of a literature study on topics relevant to the results obtained, the work
done in the steps above allowed me to write the Results and the Discussion Section of the
manuscript, as well as the Abstract and the Summary.
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(xiii) All the images and Tables were produced by myself with Python and the matplotlib
package (Hunter 2007), except for the images in Fig. 2 of the manuscript, which were
produced by Dr. Labadie.

The approach, tools, equations, models, and additional data used to carry out the work are
properly referenced in the manuscript.
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ABSTRACT

Context. While temporal variability of proto-planetary disks in their photometric properties is common in young stellar object, changes in their
morphology was only hinted for a handful of sources, probably due to the lack of high cadence observations. The disk’s evolution is directly linked
to the formation and evolution of planetary systems, and therefore more insight on the processes taking place in proto-planetary disks are key to
have a complete understanding of such systems.
Aims. The goal of this work was to depict the morphology of the innermost circumstellar environment of HD 98922 and to test its potential
brightness distribution time-variability.
Methods. Monthly multi-epochs observations of HD 98922 on milliarcsecond scales taken with GRAVITY/VLTI in the near-infrared (IR) at low
(R∼ 20) and high (R∼ 4000) spectral resolution were coupled with PIONIER/VLTI archive data (R∼ 40), for a total observational period of 11
years. The interferometric visibilities and spectral energy distribution were interpreted with geometrical models and through radiative transfer
techniques using the code MCMax. High spectral resolution quantities (visibilities and differential phases) were investigated to obtain information
on the properties of the Brackett-γ (Brγ) line emitting region.
Results. HD 98922 is resolved by both instruments and in all epochs. Comparing observations taken with similar (u,3) plane coverage, the squared
visibilities do not vary significantly, suggesting no symmetrical variations in the system. The significant closure phases variations instead suggest
asymmetric time-dependent variations in both H- and K-band continuum components. Data modeling suggest a crescent-like asymmetric dust
feature located at ∼ 1 au that accounts for ≈ 70 % of the total near-IR emission. The closure phases variability can be explained mainly by the
change in location of the feature with respect to the star through the epochs, resembling a revolution movement. The MCMax modeling suggests
that this emission could originate from a small amount of carbon-rich (25%) silicates. The model goes in contrast with a disk fragmentation
scenario due to its low disk surface density. The high spectral resolution differential phases in the Brγ line suggest that the location of the gas peak
emission varies through the epochs, following at first order the revolution motion of the feature. While a magnetospheric accretion scenario is
ruled out as the main origin mechanism, a disk wind or a massive (∼ 10 MJ) accreting embedded companion could explain the Brγ line luminosity,
its variability, and the changing position of the gas location as measured by GRAVITY but further modeling is needed.
Conclusions. With a unique observational data set on HD 98922, we have shown time-dependent morphology changes in its innermost circum-
stellar dust and gas components that resemble a revolution period around the star. This property is probably common in protoplanetary disks, but
not commonly observed due to the lack of long period monthly observations. It is important therefore to push in this direction to unlock the secrets
of disk evolution and planet formation in intermediate-mass pre-main sequence stars.

Key words. stars: pre-main sequence – protoplanetary disks – stars: variables: Herbig Ae/Be – stars: individual: HD 98922 – techniques: high
angular resolution – techniques: interferometric

1. Introduction

The processes of planet formation and evolution is still a
matter of debate but it is acknowledged that protoplanetary
disks play a major role in them, leading to a major theoretical
and observational effort in the science community in studying
these environments. In the last decade our knowledge on
protoplanetary disks around young stars has grown considerably
thanks to the drastic improvement of the observing facilities. It
is nowadays established that such disks show across the optical
to sub-millimeter wavelength range different substructures such
as rings, gaps, spiral arms, vortices, warps and shadows in
tens of au scale (Beuther et al. 2014, and references therein).

? GRAVITY is developed in a collaboration by the Max Planck Insti-
tute for Extraterrestrial Physics, LESIA of Paris Observatory and IPAG
of Université Grenoble Alpes / CNRS, the Max Planck Institute for As-
tronomy, the University of Cologne, the Centro de Astrofísica e Gravi-
tação and the European Southern Observatory.

Thanks to long-baseline infrared interferometry, the complex
morphology of inner disks at sub-au scales has been revealed
(Lazareff et al. 2017; Gravity Collaboration et al. 2019; Kluska
et al. 2020). Temporal photometric variability is a common
property of YSOs (e.g., Guarcello et al. 2019; Robinson &
Espaillat 2019; Wolk et al. 2018; Rice et al. 2015; Kóspál et al.
2012) and may originate, for instance, from the variation of
the stellar properties resulting from the presence of cool or
hot spots on the stellar surface, as well as variable accretion.
Alternatively, changes in the structure and morphology of the
inner circumstellar environment leading to partial occultation
of the central star may also cause variable dimming of the
system as in the case of "dippers" or UX-Ori type objects. The
question of the time-variable morphology of the inner disk has
been tackled for a handful of sources (e.g., Kluska et al. 2016;
Kobus et al. 2020; GRAVITY Collaboration et al. 2021). The
scarcity of such studies is mainly due to the fact that long-period
high-cadence observations of the same object are needed, which
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are not always available. In this context, observations with a
large temporal baseline using the PIONIER (Le Bouquin et al.
2011) and GRAVITY instruments (GRAVITY Collaboration
et al. 2017) at the VLTI can give us a unique opportunity to
probe the origin of the variability in the brightness distribution
of the innermost regions of YSOs.

HD 98922 is a B9Ve/A2III (Caratti o Garatti et al. 2015;
Hales et al. 2014) Herbig star (Herbig 1960) characterized
by a spectral energy distribution (SED) with a high near-
infrared (near-IR) excess and a low far-infrared (far-IR) excess
(FNIR/F? ≈ 20 %, FFIR/F? ≈ 2 %, Garufi et al. 2022), and
therefore falling in the Group II ensemble (Meeus et al. 2001),
in which systems are portrayed as having a sub-au scale disk
inner rim directly exposed to the stellar radiation, translating
in a puffed up region that casts a shadow on the flat outer disk.
The most up-to-date estimates for some of the stellar parameters
are listed in Table 1. The classification of the star and the
estimates of its parameters in the years have been ambiguous.
Especially the distance estimates have been drastically divergent
with values going from ≈ 450 pc (Caratti o Garatti et al. 2015)
to ≈ 1150 pc (van Leeuwen 2007) affecting the derivation of
parameters like the star luminosity, mass, and age. Throughout
the paper we will use the latest Gaia EDR3 measurement of
650.9 ± 8.8 au (Gaia Collaboration et al. 2021). Lee et al.
(2016) even suggested that the star is already in the post-main
sequence phase, likely a luminosity class II bright giant,
based on its position on the Hertzsprung-Russell-Diagramm,
coupled with the fact that the object is fairly isolated (the
closest star-forming region being the Carina Nebula about 7◦
apart; Dame et al. 2001). Nevertheless, dust and gas excess
characteristic of pre-main sequence objects has been observed
at different wavelengths and spatial scales, along with relatively
high accretion rates (Ṁacc ≈ 10−7 − 10−5 M� yr−1, Garcia Lopez
et al. 2006; Caratti o Garatti et al. 2015; Fairlamb et al. 2015;
Guzmán-Díaz et al. 2021). Thanks to a VLT/SPHERE H-band
scattered-light image, Garufi et al. (2022) put a lower-limit on
the physical extent of the dust disk of at least 200 au in radius.
A comparison with an ALMA moderate-resolution image
suggests however an even larger radius of / 500 au (Garufi
et al. 2022). At scales smaller than 10 au, through VLT/MIDI
interferometric observations, Menu et al. (2015) constrained
the N-band emitting dust disk radius to be ≈ 7.2 au. The disk
K-band counterpart was constrained thanks to VLT/GRAVITY
to be inside ≈ 1.5 au (Gravity Collaboration et al. 2019), and the
H-band one thanks to VLT/PIONIER inside ≈ 1.2 au (Lazareff
et al. 2017).

Regarding the gas content, the presence of several emission lines
suggests an active circumstellar environment. The system shows
a CO-rich circumstellar disk. Hales et al. (2014) suggested,
through SED and CO disk radiative transfer (RT) modeling,
that the CO disk is geometrically flat with an inner radius
of ≈ 1 au and an extent of ≈ 200 au. Other authors instead
suggested a system with a flared CO disk, having an inner
radius of ≈ 5 au, and a flattened dust disk (van der Plas et al.
2015). This transitional disk scenario was suggested due to
the relatively strong polycyclic aromatic hydrocarbons (PAH)
emission of HD 98922 and its similarities with two other ob-
jects, HD 101412 and HD 95881, for which such disk phase was
already proposed in the past (van der Plas et al. 2015; Fedele
et al. 2008; Verhoeff et al. 2010). Going towards smaller spatial
scales, a rotating gaseous disk inside the dust-sublimation radius
was suggested to explain the [OI] emission line profiles (Acke

Table 1. HD 98922 stellar parameters

Parameter Unit Value Reference
Distance pc 650.9 ± 8.8 1
Age Myrs [0.2, 0.7] 2
M? M� [5.0, 7.0] 2,3
R? R� 11.45 ± 0.36 3
log L? L� 3.16 ± 0.02 3
Teff K 10500 ± 125 3
log g cm s−2 3.5 ± 0.2 4
[Fe/H] −0.5 ± 0.2 4
v sini km/s 39.0 ± 5.3 5
log Ṁacc M� yr−1 [−7.0,−5.0] 6,3

Notes. M? is the stellar mass, L? the luminosity, Teff the effective tem-
perature, log g the surface gravity logarithm, [Fe/H] the metallicity,
v sini the projected linear velocity, and Ṁacc the accretion rate. Refer-
ences: (1) Gaia Collaboration et al. (2021); (2) Garufi et al. (2022); (3)
Guzmán-Díaz et al. (2021); (4) Caratti o Garatti et al. (2015); (5) Aarnio
et al. (2017); (6) Fairlamb et al. (2015).

et al. 2005), and a strong wind/outflow was suggested to explain
the P Cygni profiles in the Hα, Si II, and He I lines (Grady et al.
1996; Oudmaijer et al. 2011). Finally, the Brγ emission line
was suggested to arise from a compact (≈ 0.65 au) region and
possibly tracing magnetospheric accretion (Kraus et al. 2008),
or a disk wind (Caratti o Garatti et al. 2015).

With this work we aim at studying the morphological
properties of the innermost circumstellar environment of
HD 98922 through modeling of multi-epoch GRAVITY/VLTI
and PIONIER/VLTI observations. We test the hypothesis of the
time-variability of the brightness distribution and discuss it the
context of disk evolution scenarios. In addition, we explore the
spatial distribution of hot hydrogen via the interpretation of the
interferometric differential phase signal in the Brγ-line emission
line at 2.16 µm. In Section 2 we present the observations and and
describe the interferometric data; in Section 3 the methodology
used to analyze the data is explained; Section 4 presents our
results from the analysis of the continuum and line data; finally,
in Section 5 we discuss in details possible interpretations of our
results.

2. Dataset description

2.1. Observations

HD 98922 was observed with VLTI/PIONIER (Le Bouquin
et al. 2011) using the four 1.8 m Auxiliary Telescopes (ATs) in
21 different epochs between 2011 and 2016. Data were obtained
using the small, medium, and large baseline configurations for
different epochs. The data consist in low spectral resolution
(R≈ 40) interferometric observables across the H band (at
1.55–1.80 µm; Le Bouquin et al. 2011). The observations span
a spatial frequency range between about 5 Mλ to 90 Mλ with a
maximal angular resolution of λ/2B∼ 1.25 mas for the longest
baseline of 138.7 m, which corresponds to 0.81 au at 650.9 pc.
In total, 45 files were acquired and 4 files were discarded due to
bad weather conditions, leaving us with 41 files in total. The de-
scription of the data per epoch, as well as the observations logs
(dates, array configurations, weather conditions, calibrators) can
be found in Table A.1.

Regarding the GRAVITY observations, HD 98922 was ob-
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served at 13 different epochs between 2017 and 2022 with the
astrometric, large, medium, and small baseline configurations.
The data consist in high spectral resolution (R≈ 4000) observ-
ables recorded by the science channel (SC) detector across the
K band with individual integration times of 30 s, as well as in
low spectral resolution (R≈ 20) observables recorded by the
fringe tracker (FT) detector (Lacour et al. 2019). The spatial
frequency ranges between about 5 Mλ to 65 Mλ with a maximal
angular resolution of λ/2B∼ 1.72 mas for the longest baseline
of 129 m, which corresponds to 1.12 au at the object’s distance.
Each observation block corresponds to 5 minutes of observing
time on the object. In total, 97 files were acquired. Detailed
information on the GRAVITY observations is given Table A.2.
All together, the PIONIER and GRAVITY dataset spans a
11-year period from 2011 to 2022.

2.2. Data reduction

The PIONIER data are archival data retrieved already re-
duced and calibrated from the JMMC Optical interferometry
DataBase1. The reduced data for each single epoch can be found
in Fig. A.1. The plots show the calibrated squared visibilities,
the calibrated closure phases, and the (u,3) plane coverage
(left, central, and right panel, respectively). The adopted errors
bars are derived from the reduction and calibration pipeline.
These range from 0.25◦ to 10.1◦ for the closure phases and
from 0.001 to 0.18 for the squared visibilities, depending on the
atmospheric conditions.

The GRAVITY data were reduced and calibrated using the
GRAVITY data reduction software (Lapeyrere et al. 2014).
For the low-resolution FT data, we discarded the first spectral
channel, which might be affected by the metrology laser
operating at 1.908 µm. The FT calibrated squared visibilities,
closure phases, and the (u,3) plane coverage for each single
epoch can be found in Fig. A.2 (left, central, and right panel,
respectively). Following Gravity Collaboration et al. (2019) and
Gravity Collaboration et al. (2021), we applied a floor value on
the error bars of 2% for the squared visibilities and 1◦ on the
closure phases as the error bars computed by the pipeline might
be underestimated or correlated.

Fig. A.3 shows the high spectral resolution GRAVITY
data after zooming in the wavelength region of the Brγ line
between 2.164 and 2.168 µm. No high-resolution data was
acquired on the 15 June 2018. For each of the remaining 12
epochs, the data set contain the spectrum, the calibrated squared
visibilities, and the calibrated differential phases (top, left, and
right panels, respectively). The observables for one epoch result
from the averaging of N individual block files as listed in the
fourth column of Table A.2. Each averaged file is wavelength-
calibrated using the position of the telluric absorption lines
bracketing the Brγ emission line and then correcting for the star
motion with respect to the LSR. The wavelength calibration
is discussed in more details in Appendix D. The error bars
used are the ones derived from the reduction and calibration
process and propagated through the averaging process. These
range from 0.3 to 1% for the spectrum, from 0.001 to 0.01 for
the squared visibilities, and from 0.5 to 2◦ for the differential
phases, depending on the observation epoch.

1 available at http://oidb.jmmc.fr/index.html

2.3. Continuum data overview

PIONIER spatially resolves the emission of HD 98922 at all
baselines and epochs, and fully resolves it with the longest
baselines. The squared visibilities range between 0 and 0.8
going from the large to the small configurations. Clear closure
phases signals are detected for all epochs and configurations.
They range between −20◦ and 20◦ for the medium and large
configurations, and between −4◦ and 4◦ for the small one.
The data therefore clearly suggest an asymmetric brightness
distribution in the H band continuum.

HD 98922 is also resolved for all baselines and fully re-
solved at the longest baselines by GRAVITY with squared
visibilities ranging between 0 and 0.7 going from the large to the
small configurations. The largest configurations detect closure
phases signals ranging between −40◦ and 40◦, the medium ones
between −15◦ and 15◦, and the small ones between −4◦ and 3◦.
As for the H-band continuum emission, the K-band counterpart
is also expected to shows spatial asymmetries.

2.4. Brγ-line data overview

HD 98922 shows a slightly blue-shifted (≈ −23.5 km/s) single
peaked Brγ emission line Fin all epochs. Considering the 3 Å
error on the GRAVITY spectral channel wavelength, we can
consider the peak’s position of the continuum-normalized line
(21659.7+0.8

−1.3 Å) to be constant through the epochs at our spec-
tral resolution. The normalized peak flux varies between 1.17
and 1.25 depending on the epoch, while the line width measured
at the peak’s 10% flux level ranges from 14 to 15 Å. The total
squared visibilities vary between ≈ 0 and ≈ 0.4 depending on
the epoch and baseline configurations (medium or large), while
they reach ≈ 0.7 for the small configuration. We note that for
all the epochs and baselines the total squared visibilities in the
Brγ line is higher than in the continuum, suggesting on the first
order that the line-emitting gas region is more compact than the
continuum. Finally, the differential phase signals vary between
−15◦ and 25◦ and have significantly different shapes (flat, single-
peaked, double-peaked, or S-shape) for the different epochs and
baselines.

2.5. Source variability and UV coverage

As mentioned in Section 2.1, our data set on HD 98922 spans a
11-year time period for the continuum component and a 6-year
period for the Brγ-line one, which gives us a unique opportunity
to monitor the variability over a rather extended period. The
time intervals between consecutive observations range from 10
to 20 months for the PIONIER data set, and from 5 to 15 months
for the GRAVITY one. We remind however that the modeling
of interferometric data is sensitive to differences in the (u,3)
plane coverage. Hence, beside relying on extended temporal
coverage and frequent epoch sampling, time-variability studies
using interferometric data also require observations with array
configurations having similar (u,3) plane coverage.

In the top row of Fig. 1, we report for PIONIER (P) and
GRAVITY (G) the length and position angle of the longest
baseline for a given configuration. The nomenclature can be fol-
lowed in Table A.1 and A.2. This provides a visual estimate of
comparable (u, 3) coverage planes, although a more accurate as-
sessment requires to compare the full configurations in Fig. A.1
and Fig. A.2. Following this approach, we note that a compa-
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Fig. 1. HD 98922 continuum data overview. Top row: longest baselines position angle for each epoch and instrument. Medium row: closure phase
signal for each epoch and instrument; the spatial frequency chosen is the one for which a strong variation in the CP signal between epochs with
a comparable (u,3) plane coverage is observed. Bottom row: Vis2 signal for each epoch and instrument (same spatial frequency as the CP signals
shown in the above plot). Colors refer to the different baselines configurations. For a given instrument, two epochs have same color and line-style
if they have a comparable (u,3) plane coverage. The gray color refer to epochs where the (u,3) plane coverage is significantly different from the
ones of any other epoch. Numbers are used to identify each epoch used in this paper as listed in Table A.1 and A.2.

rable (u, 3) plane coverage is found for the following groups:
(P1,15), (P2,6), (P3,4), (P7,8,9,10,17), (P11,12), (P13,14), and
(P18,19,20). Depending on the group, the difference in position
angle of the longest baseline varies between ∼5◦ and 20◦.
The small configuration epoch P5 has a significantly different
position angle of ∼30-40◦ with respect to P2 and P6, while the
medium configuration epoch P16 also differs from P1 and P15.
In the case of GRAVITY, the configurations with similar (u, 3)
plane coverage are (G3,4,7,8,12), (G6,10), and (G9,13). The
configurations of the remaining epochs differ more strongly. The
central and bottom rows of Fig. 1 are constructed as follows.

First, we visually identify for a group of similar configurations
the common spatial frequency for which a strong variation in
the closure phase (CP) signal is observed and report the CP
value (Fig. 1, central panels). For this same spatial frequency,
we report in the bottom panels the value of the squared visibility.

For those configurations with a similar (u,3) coverage, we
are able to detect significant variations in the CP values across
the epochs. For instance, a clear difference in the CP signal
of ∆φmax ≈ 25◦ is observed for G9 and G13, as well as in the
medium configuration epochs G3, G4, G7, G8, G12 were the
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CP signals vary between φmax ≈ −7◦ to ≈ 3◦. Even though the
error bars are larger, the CP variability in the PIONIER data
set is also clearly observed. The epochs P1 and P15 show a
significantly closure phase variation (∆φmax ≈ 10◦), as well as
P17 with respect to P7, P8, P9, and P10 (∆φmax ≈ 13◦). On the
contrary, when comparing observations taken with similar (u,3)
plan coverage, we note that the variability of the corresponding
squared visibilities is modest, typically below V2 ∼ 0.05.

This behavior suggests on first order that we do not observe a
clear variability trend in the centro-symmetrical properties of
the brightness distribution of HD 98922 (i.e., characteristic size
or star/scattered light/disk thermal emission). Instead, the more
marked closure phases variability observed by PIONIER and
GRAVITY suggests time-varying asymmetric features in both H
and K bands. We explore in further details the nature and cause
of this phenomenon.

3. Methodology

3.1. Continuum: Low spectral resolution data

Following the work of Lazareff et al. (2017), we used chromatic
geometric models that consist of a point-like central star, a scat-
tered light component (called halo), and a circumstellar environ-
ment in order to fit the observed visibilities. The star is assumed
to be unresolved at all baselines, and the halo is assumed to be a
fully resolved emission component with a visibility of zero. The
total complex visibility of the system at spatial frequencies (u, 3)
and at wavelength λ is therefore described by a linear combina-
tion of the three components as:

V(u, 3, λ) =
Fs (λ/λ0)ks + Fc (λ/λ0)kc Vc(u, 3)
(Fs + Fh) (λ/λ0)ks + Fc (λ/λ0)kc

, (1)

where Vc is the complex visibility of the circumstellar environ-
ment, Fs, Fh and Fc are the specific fractional flux contributions
of the star, of the halo, and of the circumstellar environment, re-
spectively, at λ0 = λK,0 = 2.15 µm, the wavelength of the central
spectral channel of the GRAVITY FT, or at λ0 = λH,0 = 1.68 µm
for PIONIER. The parameter ks = d log Fλ,s/d log λ is the
spectral index of the star assuming it radiates as a black
body at Teff=10500 K. This translates into a spectral index of
ks = −3.645 at λK,0 and −3.523 at λH,0. kc = d log Fλ,c/d log λ is
the spectral index of the circumstellar environment.

The circumstellar emission is modeled through an azimuthally-
modulated wireframe convolved by an ellipsoid kernel that
regulates the width of the ring-like emission, and which visibil-
ity is given by Eq. 9 of Lazareff et al. (2017). Hence, the model
can describe from infinitesimally thin rings to very wide rings
tending to ellipsoids. It is described by ten parameters: the star
flux contribution Fs; the halo flux contribution Fh; the spectral
index of the circumstellar disk kc; the radius of the wireframe ar
and of the Kernel ak, the inclination i; the position angle PA; the
weighted contribution of a Gaussian or Lorentzian distribution
f Lor; the azimuthal modulation parameters c1 and s1. More
details on the relation between the geometrical, physical and
fitted parameters is provided in Sect. 3.6 of Lazareff et al.
(2017). We recall here an important convention of the azimuthal
modulation relevant for the correct interpretation of our results.
The azimuthal modulation, which is parametrized with the
variables c1 and s1, has a position angle of the peak emission
given by the argument of the complex number c1 + j.s1. The
origin of this angular position is along the position angle of the

disk measured from North to East, with East to the left. As an
example, an azimuthal modulation described by c1=1 and s1=1
in a disk with a PA = 45◦ will show a visual rendering where
the azimuthal modulation peak emission appears at 90◦ towards
East.

The model fitting consists in a first minimization proce-
dure with scipy.optimize.minimize using a Sequential
Least Squares Programming method to get an initial guess of
the free parameters, followed by a procedure based on a Markov
chain Monte Carlo (MCMC, Foreman-Mackey et al. 2013)
numerical approach, which is robust against trapping in local
minima. The errors on the reduced chi-squared χ2

r are calculated
considering the χ2

r as a stochastic variable following Gravity
Collaboration et al. (2021).

3.2. Gas: High spectral resolution data

To estimate the Brγ gas region size, kinematics, and displace-
ment with respect to the continuum emission from the GRAV-
ITY SC visibilites and differential phases, we extrapolated the
pure-line contribution (marked with subscript L) from the in-
terferometric observables. Following Weigelt et al. (2011), the
pure-line interferometric quantitites characterizing the gas emit-
ting region, the visibility VL and differential phase φL, are related
through:

F2
LV2

L = F2
totV

2
tot + F2

contV
2
cont − 2FtotVtotFcontVcont · cos φtot, (2)

sin φL = sin φtot
FtotVtot

FLVL
, (3)

The quantities reported in Eq. 2 and 3 refers to values inside the
Brγ-line spectral region. Since the continuum quantities Fcont
and Vcont in the line are not directly measurable, they are esti-
mated from the nearby continuum aside the line region. How-
ever, hot Herbig stars exhibit a strong Brγ photospheric absorp-
tion feature, which needs to be accounted for in order to retrieve
the correct pure-line quantities. In the case where photospheric
absorption is present, the knowledge of a model for the contin-
uum emission is required. One can show that:

VL =


(Vtot F′L/C)2 +

( F′s
F′cont

(α − 1) + V ′cont

)2

(
F′L/C − α+β+γ

1+β+γ

)2

−2 (Vtot F′L/C)
( F′s

F′cont
(α − 1) + V ′cont

)
cos(φtot)

(
F′L/C − α+β+γ

1+β+γ

)2



1/2

. (4)

The superscript (′) in Eq. 4 indicates that the quantities V ′cont and
F′cont are estimated outside the emission line spectral region, as
opposed to Eq. 2. The line-to-continuum ratio F′L/C is also nor-
malized to the nearby continuum value. The parameters β and
γ are the disk-to-star (β=Fc/Fs) and halo-to-star (γ=Fh/Fs) flux
ratios.
The parameter α describes the star photospheric absorption, with
0<α61. It is equal to 1 in the absence of any photospheric ab-
sorption (see Appendix D for a description of the photospheric
absorption model), so that:

FL = Ftot − F′cont + Fs (1 − α), (5)

where α is a parameter that describes the star photospheric ab-
sorption, equal to 1 when there is no absorption, and equal to
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Table 2. Results of the fit of the Aspro synthetic data. Uncertainties are
reported as 1σ errors from the 16th and 84th percentile of the MCMC
marginal distributions. The column ‘All’ refers to the simultaneous fit
of the three data sets combined. Fc is not a free parameter, but obtained
according to Fc = 1 − Fh − Fs.

All Small Medium Large
Parameter Value Value Value Value
Fs [%] 22.8+0.1

−0.1 42.3+1.3
−2.4 29.9+0.9

−1.9 16.7+0.4
−0.4

Fh [%] 0.3+0.1
−0.1 0.9+0.2

−0.3 0.3+0.7
−0.2 33.6+3.7

−4.2
Fc [%] 76.9+0.2

−0.2 56.8+1.5
−2.7 69.8+1.6

−2.1 49.7+4.1
−4.6

ar [mas] 3.46+0.01
−0.01 4.52+0.20

−0.15 3.76+0.30
−0.29 3.52+0.06

−0.06
ak [mas] 1.75+0.01

−0.01 0.25+0.40
−0.08 1.05+0.23

−0.19 1.59+0.07
−0.07

i [deg] 10.7+1.0
−1.1 11.8+10.8

−8.1 8.5+5.2
−4.1 15.1+3.2

−4.4
PA [deg] 0.9+1.6

−0.7 37.0+48.9
−33.8 1.8+7.6

−1.5 2.5+4.5
−1.8

f Lor 0.01+0.01
−0.01 0.11+0.24

−0.10 0.49+0.16
−0.33 0.08+0.11

−0.06
c1 0.61+0.01

−0.01 0.50+0.17
−0.17 0.52+0.10

−0.12 0.52+0.04
−0.04

s1 0.03+0.02
−0.01 0.08+0.19

−0.10 0.04+0.16
−0.06 0.01+0.05

−0.02
χ2

r 3.0 ± 0.1 2.3 ± 0.1 4.6 ± 0.4 2.6 ± 0.2

zero when 100% of the star flux is absorbed (see Appendix D
for a description of the photospheric absorption model).
Similarly, Eq. 3 is written in terms of known quantities as:

sin φL = sin φtot
Vtot

VL

1(
1 − α+β+γ

1+β+γ
1

F′L/C

) (6)

Following Lachaume (2003), we can derive wavelength-
dependent photocenter displacements along each baseline from
the pure-line differential phases by

: p =
−φL

2π
· λ

B
, (7)

where p is the projection on the baseline B of the 2D photocenter
vector with origin on the continuum photocenter of the system.
The results of the GRAVITY SC data analysis are shown in Sec-
tion 4.5 and discussed in Section 5.4.

4. Results

4.1. Fit dependence on the (u,v) plane coverage

Since we have multiple observations taken with different
baseline configurations and (u,3) coverage, we first verified with
synthetic data whether the fit of different data sets related to a
same non-variable system but obtained with different baseline
configurations would lead to a same or different modelling
solution. For this purpose, we generated with Aspro2 three
synthetic data sets of a non-variable system formed by a star
and an azimuthally modulated ring that is observed with,
respectively, the same small, medium, and large configurations
of the 4th February 2020, 11th July 2019, and 14th February
2022 epochs. We then analysed the fit results of the synthetic
data sets corresponding to our non-variable system observed
with different baseline configurations having a different (u,3)
coverage. The input model from which synthetic data are gener-
ated corresponds to an azimuthally modulated donut around a
central star contributing 15% of the system total flux, and with
no spatially resolved halo contribution (Fig. 2). The synthetic
interferometric visibilities and closure phases generated with

2 Available at http://www.jmmc.fr/aspro

Aspro are shown in Fig. B.1. The same error bars as for the
real data are adopted. The fit of the synthetic data implements
the nine free parameters given in Table 2. The spectral indices
of the star and the disk were not implemented and set to zero.
Four cases are explored, corresponding to the individual small,
medium, and large configurations, plus the case where all the
three configurations are combined.
From the results in Table 2, we find that the flux parameters
(Fs, Fh, Fc) are the most affected by some spurious variability
due to a changing (u,3) coverage, with differences up to ∼30 %.
In addition, the stellar contribution is slightly (large config-
uration) to significantly (small configuration) overestimated
with respect to the input model. The geometrical parameters
(ar, ak) describing the characteristic size are found to be more
in agreement (though not necessarily within the error bars),
except for the small configuration that only loosely constrains
the solution. The inclination value is consistent within the error
bars between the four cases, although modestly constrained
by the small and medium configurations. Also, the results are
find to be generally consistent with a low-inclination disk. The
same conclusion applies to the PA, with the small configuration
expectedly failing to constrain this parameter. Finally, for the
parameters c1 and s1 describing the azimuthal modulation, the
fit converges towards very similar values for all four cases.

Simply accounting for the error bars on the fitted parameters,
the modeling of the small-, medium- and large-configuration
data sets results in a consistent value for the ring inclination,
the PA, c1 and s1, but clearly these parameters are more
stringently constrained when going from the small to the large
configuration. In Fig. 2, we compare the input model image
to the parametric models resulting from the fit of the different
configurations. Besides the differences found in the relative flux
contributions (see Table 2), we can visually observe that the size
properties are not in good agreement – in particular for the small
configuration – when fitting separately the data of the different
configurations, although the general strucutre is retrieved. In
contrast, the azimuthal position of the disk asymmetry appears
to be well constrained. This simple test reminds us that the
intrinsic sparsity of infrared interferometric data implies that
different spatial frequencies are probed with different configu-
rations, which may result in a spurious variability of the fitted
parameters that may not reflect a physical temporal variability
of the system.
Leaning on this observation, we adopted here a different
strategy to test more robustly the potential time-variability of
the different parameters describing our model: we fitted the
full PIONIER, respectively GRAVITY, continuum data set
by forcing all the free parameters to be constant across the
different epochs, except the parameter for which we wish to
test the variability hypothesis. Throughout the paper we refer
to this approach as the x global fit, where x is the selected
time-variable parameter, which is motivated by the fact that a
rich (u,3) coverage remains mostly desirable. This is further
used in Section 4.2.

4.2. Time variability of the system parameters

Here, we report the results of the global fit approach on the
continuum data. We first explore which among seven model
parameters (star flux contribution, ring inclination, position
angle, characteristic size, and azimuthal modulation) is most
prone to describe the temporal variability of the data suggested
in Fig. 1. The global fit (see Section 4.1) was applied separately
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Fig. 2. Aspro synthetic data test images. The top-left model has been
used to generate the synthetic visibilities and closure phases with
Aspro. The resulting fitted models are shown for the respective config-
urations. The intensity scale is linear and ranges from 0 to the peak pixel
value of the asymmetry. The central star has been removed and its posi-
tion marked with the white cross. The images have a size of 20×20 mas.
It is visible from this figure and Table 2 that the small configuration
properly constrains the absence of halo contribution in the system, but
not the disk morphology, as opposed to the large configuration.

to each parameter (or pair of parameters) reported in Table 3.
For the GRAVITY data set, we observe from the χ2

r analysis
that the time-variable azimuthal modulation models (#5 and #6)
lead to the smallest χ2

r values in comparison to other system
parameters. This is less marked for the PIONIER data set for
which even though the time-variable azimuthal modulation
model shows the smallest χ2

r , the other models show comparable
χ2

r values when accounting for 3σ errors. However, the trend in
terms of decreasing χ2

r suggests an analog behavior for both the
PIONIER and GRAVITY data sets. A second order azimuthal
modulation model was also tested with the parameters c1,2 and
s1,2 (model #6). As one may expect, the addition of new free
parameters improves the fit, but not significantly within the 3σ
error bars. We therefore conclude that the current data do not
require a more complex model in order to be interpreted.

This analysis confirms what is qualitatively observed in
Fig. 1, in particular for the closure phases, pointing at the
azimuthal modulation as the probable dominant effect in the
variability of the system. Since the system described by a time-
variable azimuthal modulation gives the best fitting solution for
both data sets, this will remain the baseline model to pursue our
analysis in the following text.

4.3. Variable brightness distribution in the inner disk

The results of the global fit with a time-variable azimuthal mod-
ulation (model #5 in Table 3) are presented in Table 4 for all
the non-variable parameters. Two values are reported for the
retrieved uncertainty: the error σMCMC is the confidence inter-
val derived from the parameter marginal posterior distribution
resulting from the MCMC minimization 3; the error σχ2 corre-
sponds to an upper limit derived from the 1D χ2

r maps asso-
ciated to each fitted parameter (Fig. C.1), which indicates how
well constrained the given parameter can be. Consequently, the

3 Markov Chain Monte Carlo

Table 3. Results of the global fit for different parameters tested for vari-
ability. 1σ errors are reported for the χ2

r .

# Model Var. par. Nfp χ2
r (P) χ2

r (G)
1 SHRM1 Fs 9+Ne 13.5 ± 0.7 11.1 ± 0.4
2 SHRM1 ar, ak 8+2Ne 12.0 ± 0.6 7.7 ± 0.3
3 SHRM1 i 9+Ne 14.9 ± 0.7 14.7 ± 0.5
4 SHRM1 PA 9+Ne 12.4 ± 0.6 12.0 ± 0.5
5 SHRM1 c1, s1 8+2Ne 11.5 ± 0.6 5.3 ± 0.3
6 SHRM2 c1,2, s1,2 8+4Ne 9.5 ± 0.5 4.3 ± 0.2

Notes. The model nomenclature gives S = star, H = halo, RM1 = 1st

order azimuthal modulated ring, and RM2 = 2nd order azimuthal
modulated ring; Nfp gives the number of free parameters. Ne is the
number of epochs, namely 20 for PIONIER (P) and 13 for GRAVITY
(G)).

later is generally more conservative, and therefore larger.
Fractional flux – In the H band, we find for the different flux
contributions comparable ratios to Lazareff et al. (2017), who
exploited a dense (u,v) coverage. In the K band, we measure a
stellar flux contribution of 23 ± 4 %, comparable to the contri-
bution in the H band. Different values for the K band fractional
stellar contribution based on photometry and SED analysis are
reported in the literature, from ∼15 % (Kraus et al. 2008; Hales
et al. 2014; Gravity Collaboration et al. 2019) to ∼23 % (Caratti
o Garatti et al. 2015). Despite the model based solely on the stel-
lar temporal variability was not favored in Table 3, we cannot
fully exclude that such an effect is present to some degree. Inter-
estingly, we also find a stronger halo contribution than Gravity
Collaboration et al. (2019), which can be explained by the fact
that these authors have constrained the circumstellar emission of
HD 98922 in the K band only with the astrometric configuration,
whereas the short baselines of the small configuration are usu-
ally needed to better constrain the halo.
To possibly strengthen our finding, we also tested a two-
parameter global fit model by adding the fractional stellar contri-
bution as an additional free and time-variable parameter. In terms
of χ2

r , this led for both PIONIER and GRAVITY data sets to a
solution comparable to the one-parameter time-variable model,
without significant improvement. We conclude that, while pos-
sibly present in the system, additional stellar variability is no
added value in our model to describe our data and that a time-
variable azimuthal modulation of the brightness distribution is
the most plausible dominant effect.
Characteristic size: The radius of the ring disk emission in
K band is found to be ar=2.02±0.1 mas (or 1.31±0.07 au), in
good agreement with the estimate of Kraus et al. (2008) and
Caratti o Garatti et al. (2015), with 2.2 mas and 1.6 mas, re-
spectively. Our result is only slighlty larger than the estimate of
Gravity Collaboration et al. (2019) with ar=1.8 mas, with only
two snapshots with the astrometric configuration used by the
later authors. In the H band, we find the circumstellar emission
to be more compact than in K, with a characteristic radius of
ar=0.93±0.1 mas (or 0.60±0.07 au) in line with the estimate of
0.87 mas by (Lazareff et al. 2017). Kluska et al. (2020) reports a
larger half-flux radius of 2.1 mas based on image reconstruction,
which evidences the impact of different modeling approaches.
The K-to-H size ratio is further discussed in Sect. 5. The ratio
ak/ar being close or larger than unity suggests a wide, smooth,
ring emission as opposed to a sharp edge. The disk has a low-
inclination configuration, which is therefore harder to accurately
constrain in the small-angle range. This applies to the position
angle as well (Fig. C.1).
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Table 4. Azimuthal modulation global fit continuum models non-variable parameters

PIONIER GRAVITY
Parameter Unit Value 3σχ2 3σMCMC Value 3σχ2 3σMCMC
Fs % 23.09 1.00 0.39 22.69 3.00 0.42
Fh % 3.92 4.00 0.78 10.36 4.00 0.57
Fc % 72.99 5.00 1.17 66.95 7.00 0.99
kc 3.47 3.00 0.18 -0.39 5.00 0.33
ar mas 0.93 0.06 0.06 2.02 0.08 0.06
ak mas 1.60 0.10 0.03 1.73 0.16 0.06
i deg 0.67 25.0 2.01 34.15 10.0 1.08
PA deg 106.9 30.0 1.80 122.9 6.00 1.50
f Lor 1.00 0.30 0.03 1.00 0.25 0.03
χ2

r 11.52 1.86 5.26 0.87

Notes. Fc is not a free parameter, but obtained according to Fc = 1 − Fh − Fs. The σMCMC error estimates, derived through the MCMC fitting
procedure, are given by the 16th and 84th percentiles of the samples in the MCMC marginalized distributions. The σχ2

r
error estimates are derived

from the χ2
r curves in Fig. C.1.

Disk azimuthal asymmetry: Most notably, our modelling re-
produces a crescent-like asymmetric dust feature resulting from
the azimuthal modulation that varies in position angle through
the epochs and revolves around the central star. In Fig. 3 and
Fig. 4, we present the continuum images corresponding to our
fitted models and from which the geometry, extent, and location
of the asymmetry can be followed as a function of time. We gen-
erally observe that the continuum emission appears azimuthally
more compact in the H band than in the K band. The fit of the
variable azimuthal modulation appears quite robust in Fig. C.2
with one single global minimum identified in the c1,s1 diagram.
Furthermore, for epochs only separated by a few days at most
and taken with the same array configuration, the azimuthal lo-
cations of the asymmetric feature are consistent in most cases
within the error bars (e.g., P7-P8-P9-P10-P11 and P19-P20 with
PIONIER, or G7-G8 with GRAVITY). Fig. 3 and 4 display the
azimuthal uncertainties in the form of a white-line cone as de-
rived from the MCMC 3σ error bars on c1 and s1. The azimuthal
uncertainty is generally smaller (up to ∼10-20◦, depending on
the configuration) in the K band than in the H band. In addition,
the azimuthal position is constrained at worst with the small con-
figuration (e.g. P2-P5-P6 with PIONIER) since the closure phase
signal is marginal for the shortest baselines.
The brightness contrast between the crescent-like feature and the
centro-symmetric location in the disk is estimated from Fig. 3
and 4. The contrast is found to be ∼4 in the K band (ranging
from ∼1.6 to 10 across the epochs, with σ∼2.8) and ∼2.4 in the
H band (ranging from ∼1.3 to 3.3, with σ∼0.7). No characteris-
tic trend is found in the temporal evolution of the contrast.
The dynamical properties of the inner disk feature revealed by
our observations are further discussed in Section 5.1.
We note that, thanks to the global fit approach, the typical de-
generacy between the flux ratio and the disk size is broken. This
happens also for the degeneracy between the halo flux contribu-
tion and the radial brightness profile of the dust emission deter-
mined by f Lor, as shown by the χ2

r curve of this parameter. As
an additional check, we fitted the data using the azimuthal mod-
ulation global fit with the parameter f Lor fixed to zero (which
then corresponds to a fully Gaussian radial profile). This wors-
ens the fit in terms of χ2

r in comparison to the case f Lor=1 (i.e.,
a Loretzian radial profile) for both PIONIER (χ2

r = 20.6 ± 1.02)
and GRAVITY (χ2

r = 6.2 ± 0.3).

4.4. Dust magnitude variability

Here we estimate the relative brightness of the azimuthal disc
feature revealed by PIONIER and GRAVITY, as well as its tem-
poral variability. While the total flux of the disk Fc remains con-
stant over time in our global fit (see Table 4), the azimuthal fea-
ture might appear more or less contrasted depending on how
shallow or steep the brightness distribution is. For each epoch,
we define a contour line at a given fraction of the feature peak
value and calculate the relative encircled flux. An illustration is
shown in Fig. 5. We calculate the apparent magnitude of the fea-
ture maz following:

maz = −2.5 log


Faz Fc F0 × 10−
mtot
2.5

F0

 , (8)

where mtot is the total apparent magnitude of the system in
H and K, respectively, with H=5.23 and K=4.28 (Cutri et al.
2003). F0,λ is the reference flux density equal to 1024.0 Jy in H
and 666.8 Jy in K (Rodrigo & Solano 2020). Fc is the total disk
flux ratio as estimated in Table 4), and Faz is the encircled flux
fraction for a given contour as shown in Fig. 5.

The results are presented in Fig. 6 for the two H and K
bands and for different contour values. Here we did not include
epochs corresponding to the small baseline configuration. By
construction, at a given epoch, higher fractional peak value
contours correspond to larger magnitudes due to the reduced
encircled flux. The H-band magnitude of the feature is higher
than its K-band magnitude when considering the same peak-
value contour, as expected for a disk-related infrared excess.
Regarding the feature magnitude time-variability we note that
for most of the epochs the magnitude is fairly constant. Only
the 1 February 2013 and the 14 December 2022 epochs shows
a decrease of ≈ 0.25 mag with respect to the average value.
The decrease in magnitude does not mean that the feature gets
brighter, but it means that the disk gets less asymmetric with the
feature getting smoother.

4.5. Brγ-line emitting region time variability

We exploit the high-spectral resolution data of GRAVITY in the
Brγ-line region to constrain the spatial scale and the kinematics
of the hot gas component, following the formalism presented in
Sect. 3.2. From the pure-line visibilities we estimated the char-

Article number, page 8 of 30

81



GRAVITY Collaboration: V. Ganci et al.: The GRAVITY young stellar object survey

Fig. 3. Peak-normalized PIONIER continuum model images. The dashed white lines represent the ±3σ MCMC uncertainties on the position angle
of the azimuthal modulation. A description of the model is given in Section 3.1, Section 4, and Table 4. The central object has been removed to
enhance the circumstellar emission.

acteristic size of the gas-emitting region at the peak wavelength
of 2.1662 µm using a simple Gaussian disk model, as well as
a ring model with 20% radial thickness for comparison. We
obtain a Gaussian HWHM radius of 0.47 mas with a temporal
standard deviation of 0.04 mas. Similarly, we obtain for the thick
ring a radius of 0.5±0.05 mas. In both cases, the gas-emitting
component model is found to be consistent with a face-on
orientation as we find an inclination of 5◦±5◦. These values
translate into a physical radius of ∼0.3 au at a distance of 651 pc,
in agreement with the results of Caratti o Garatti et al. (2015).

As the estimation of the characteristic size of the hot gas
region has been studied in previous works, we focus on the
determination of the location of the compact hot gas component
relatively to the star, and further explore whether there is a
correlation between the location of the gas and of the dust
feature observed in the continuum. This can be investigated
through the analysis of the interferometric differential phase,

which provides precise information on the spatial location of the
photocenter of the gas emission component on angular scales
that surpass the nominal resolution of the interferometer.
The detection of a differential phase signal as reported in
Fig. A.3 indicates that the photocenter positions of the contin-
uum and gas emission components are not coincident. From
the continuum-corrected (or pure-line) differential phases
(Eq. 6), we calculated the deprojected photocenter shifts in
the R.A./DEC space of the hot gas component with respect to
the continuum photocenter for few spectral channels around
the 0 km/s velocity (Eq. 7). The location of the continuum
photocenter may differ from the position of the central star if
the dust emission is non-centrosymmetric. This is indeed the
case for HD 98922 since our modelling of the continuum in
Sect. 4.2 shows a strongly asymmetric time-variable brightness
distribution of the inner circumstellar disk. Therefore, the
location of the continuum photocenter is the parameter that
affects the most the position of the Brγ-line photocenter with
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Fig. 4. Same as Fig. 3 but for the GRAVITY data set.

Fig. 5. Example of contours for differental fractional peak values of the
disk azimuthal modulation for two epochs of PIONIER and GRAVITY.
The red line corresponds to the 50% contour.

respect to the central star. Fig. 7 shows the spatial location of
the gas emission photocenter with respect to the continuum
photocenter, and therefore with respect to the central star.
For most of the epochs, the bulk of the Brγ emission appears
offset – considering the retrieved characteristic size of the gas
emission component – with respect to the stellar position by up
to 0.5 mas. We also observe that the location of the compact
gaseous component varies with time and that it is, on first order,
consistently found in an area between the central star and the
peak of the dusty feature, following its orbital motion. Except
for the epoch of May, 23rd, 2019 for which the continuum model
closure phases did not fit our data very well (see Fig. A.2), the
modeling of the continuum data delivers reliable estimates of

Fig. 6. Azimuthal modulation apparent magnitude time variability. Top
plot refer to the H-band component, bottom plot to the K-band one. The
different colors refer to different peak’s value contour.

the location of the continuum photocenter, especially since the
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flux contribution ratio, the dust ring size, and the azimuthal
modulation parameters are well constrained.

5. Discussion

5.1. Revolution motion of the crescent-like feature

The revealed azimuthal asymmetry in the inner disk of
HD 98922 shows orbital motion around the central star. Assum-
ing this is the same asymmetric feature that is monitored with
the VLTI over the 11-year period in both the H and K band,
we attempt to investigate the orbital properties of the emission
feature. We show in Fig. 8 the distribution of the time-variable
position angle of the emission feature, after removal of the
small-configuration epochs P2, P5, P6, G6 and G10 due to the
rather large error bars on the PA that do not constrain properly
the azimuthal position of the feature. Time zero corresponds to
the first PIONIER observation of June 2011. The gray line is
a cosine function corresponding to a uniform circular motion,
fitted to the data in order to derive a period estimate, which
suggests an orbital period of about 12 months. For the best
cosine fit reported here, the χ2

r value is large (111±51), which
can be explained by the group of points at ∼60 months that
clearly deviate from the best fit. When arbitrarily discarding
these points, the fit is improved with a χ2

r value of 38±17 while
the estimated period does not vary significantly (see Table 5).

The Kepler’s law estimate of the central mass in the same
table is reported considering a separation of the azimuthal
asymmetry ranging from 0.6 to 1.3 au based on the fitted ring
annular radius ar, as well as for a range from 1.2 to 1.7 au
based on the half-light radius a, where a = (a2

r + a2
k)1/2 following

to Lazareff et al. (2017). The orbital period derived from our
measurements of the azimuthal position of the asymmetric
feature would imply a significantly underestimated central
of ∼1–3 M� – depending on the fearure separation – when
compared to the literature value of ∼6 M�. A crude estimate
of the period of the feature in a Keplerian orbit around a 6 M�
would be about 9 months, hence shorter than what suggested
by our measurement. Interestingly, our cosine fit also shows a
local minimum for a period around 270 days (∼9 months) but
with a worse χ2

r value of 350 ± 193. The time intervals between
consecutive observations range from 10 to 20 months for the
PIONIER data set, and from 5 to 15 months for the GRAVITY
one. As one can see from Fig. 8, the coverage of the orbital
motion is relatively sparse and a finer temporal sampling would
allow to estimate the period with greater confidence. Finally,
it should be noted that we have implemented here the simplest
case of a circular orbit. Therefore, accounting for some degree
of eccentricity of the feature’s orbit may impact the derived
orbital period, which is not explored in this work.

Other scenarios can be invoked to explain this discrepancy. For
instance, we assume here that PIONIER and GRAVITY are
probing the lifetime of the same feature, which might not be
the case. In the vortex scenario, hydro-dynamical simulations
have suggested that the lifetime of a gaseous vertical structure
can reach over a hundred rotation periods, and the former
shortens when dust particles are taken into account due to their
back-reaction on the gas, ultimately disrupting the vortex (Inaba
& Barge 2006; Surville & Barge 2015; Barge et al. 2017). In
our case, from our shortest and longest period estimates and
the ∼ 130 months total observation period, we are observing
between ∼ 10 and ∼ 130 rotations. This could explain why

Table 5. Dust revolution period estimates

Period χ2
r M? Method

[months] [M�]
12.7 ± 0.1 111 ± 51 – (1)
12.6 ± 0.1 38 ± 17 0.9±0.5 (2)
12.6 ± 0.1 38 ± 17 3.0±0.8 (3)
9.2 ± 0.4 – 6.0 ± 1.0 (4)

Notes: (1) period estimated from the fit of the time variable position
angle of the azimuthal feature; (2) same as (1) but with the group of
epochs at 60 months removed. The mass of the central star is derived
by assuming that the feature has a separation ranging from 0.6 to 1.3 au
as given by the ring radius ar; (3) same as (1) but with the mass of the
central star derived by assuming that the feature has a separation
ranging from 1.2 to 1.7 au as given by the half-light radius a; (4)
revolution period for a circular orbit that assumes the literature value
for the central star mass and a separation of 1.5 au for the azimuthal
feature.

the GRAVITY data points in Fig. 8 are better fitted than the
PIONIER ones; we may be witnessing two time-unrelated
features with different rotation periods.

5.2. Physical properties

5.2.1. Modelling

In an earlier work, Hales et al. (2014) have proposed a model for
the disk of HD 98922 accounting for a distance of 507 pc and ex-
ploiting photometry data up to 160 µm. These authors proposed
a disk model with an inner radius located at 1.5 au. We revise this
model in the light of our new interferometric data and including
the ALMA photometry point at 1.3 mm obtained from archival
data (ID: 2015.1.01600.S / PI Panic).

Disk mass – Using the flux density Fν measured at 1.3 mm for
the unresolved HD 98922 source, we estimate the dust disk mass
Md following Beckwith et al. (1990). Assuming optically thin
emission, we use the relation:

Fν ≈ κν 2kTν2

c2d2 Md, (9)

where T is the dust mean temperature, κν the dust absorption co-
efficient at 1.3 mm, d the distance. For comparison, we consider
an alternative formulation of Eq. 9 assuming a geometrically flat
disk for which the temperature and the surface density are pa-
rameterized by power-laws following:

T (r) = T0(r/r0)−q (10)
Σ(r) = Σ0(r/r0)−p, (11)

which after integration with respect to r gives:

Fν ≈ κν 2kν2

c2d2

2 − p
2 − p − q

T0rq
0

r2−p−q
out − r2−p−q

in

r2−p
out − r2−p

in

Md. (12)

The terms rin and rout are the inner and outer disk radius,
respectively, T0 is the disk temperature at a reference distance
r0=1 AU.
In Eq. 9, a large uncertainty is on the dust opacity value κν
and mean temperature. Therefore the mass value is only a
crude approximation for first-order estimates. If we consider
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Fig. 7. GRAVITY continuum model images and Brγ-line emitting gas region. The black marker represents the continuum (star + halo + disk)
photocenter. The white circle around the black marker represents the error on the continuum photocenter. The red circle represents the gas region
size estimated at the peak emission. The colored markers represent the gas photoncenters. Each color refer to a spectral channel, as in Fig. A.3.

Fig. 8. Cosine of the azimuthal modulation position angles as a function
of time. The markers represent the cosine of the variable dusty feature
position angles depicted in Fig. 3 and 4, green for the PIONIER data and
blue for the GRAVITY one. The gray line represents the best-fit (12.8±
0.4 months) of the uniform circular motion position angle expressed as
a cosine function.

standard values of T =50 K and κν(1.3 mm) = 0.02 cm2/g (Beck-
with et al. 1990), we obtain a disk dust mass Md ∼ 0.013 M�
for a flux density of Fν=10.4 mJy. However, Woitke et al.
(2016) underline the strong dependence of κν on the fraction
of amorphous carbon and grain size distribution, and report
values as high as κν(1.3 mm)∼ 5-10 cm2/g. The later value
results consequently in a lower mass of Md ∼5× 10−5 M�. For
a same value of κν, we compare this mass estimate to the value
obtained with Eq. 12. We take rin=0.6 au from our PIONIER
measurement and rout ∼ 200 au from Garufi et al. (2022), a
temperature T0 = 1500 K at r0 = 1 AU, and typical values
p = 1.5 and q = 0.75 for a flat, group II disk. This leads to a
dust mass estimate of Md 0.004M� and Md 1.3×10−5 M�, for
κν(1.3 mm)=0.02 cm2/g and 5 cm2/g, respectively.
We see that the dust mass estimate is uncertain, which can be
discussed in the context of the works by Hales et al. (2014) and
Guzmán-Díaz et al. (2021). In the former paper, the authors
report an estimated disk dust mass of Md = 2 × 10−5 M� for
a distance of 507 pc and relying on photometry up to 160 µm,
which agrees with the case of a higher value for κν. On the other
hand, Guzmán-Díaz et al. (2021) reports a much higher total
disk mass of 1.3 M�, which compares better to our estimate

using Eq. 9 and κν=0.02 cm2/g, assuming a gas-to-dust mass
ratio of 100. The value reported by Guzmán-Díaz et al. (2021)
is a minimum accretion-based disk mass for which the authors
underline that their approach may overestimate the total disk
mass (see their Fig. 2). To refine our knowledge on the disk mass
and its surface density, which is relevant for the interpretation of
our interferometric results, we revisit the modeling of the disk
including radiative transfer simulations.

Radiative transfer in the dust – We used the radiative transfer
code MCMax (Min et al. 2009) to constrain the disk density and
temperature structure based on archival broadband photometry
and on the spatial structure evidenced by our interferometric
measurements. We started from a one-component model based
on Hales et al. (2014). The inner disk radius is 1.5 au, the outer
radius is 320 au, the flaring index γ=1 and the scale-height is
15 au at a radius of 100 au. We implement a grain population
based on DIANA standard dust grains (Woitke et al. 2016)
composed of 75% amorphous silicates (e.g., Mg0.7Fe0.3SiO3),
25% porosity, by volume, and initially no amorphous carbon.
The grain size a ranges from 1 µm to 2200 µm with a distribution
dn(a)∝ a−3.5, as large grains appear to dominate in this source
(Bouwman et al. 2001; van Boekel et al. 2003). The surface
density profile is based on a modified version from Li & Lunine
(2003) with a power-law exponent of pΣ = −1.5, a gas-to-dust
ratio of 100, and a dust disk mass of 2×10−5 M�. The extinction
is AV = 0.5. The parameters of the central star are taken from
Table 1.

With the revised stellar parameters, the stellar luminosity
increases by a factor ∼3 in comparison to Hales et al. (2014)
and the photospheric emission contribution results in slightly
overestimating the K band near-IR flux in the spectral energy
distribution by a factor ∼1.2. On the other hand, our GRAVITY
and PIONIER observations show that dust is present at shorter
separations. Since the SED fitting process is a degenerated
problem, we attempt to better constrain the inner disk structure
based on the consideration that a dust component at .1 au,
producing ∼75%-80% near-IR excess and resolved with the
VLTI has to be accounted for. Simply moving the inner radius
to ∼0.6 au in the one-component model is not possible since
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this would lead to further overestimate the near-IR flux. We
therefore revise our disk model and propose a two-component
disk model in which the inner component has a lower surface
density in comparison to the outer component and an inner
radius at 0.6 au. We conducted a grid search for the inner
disk dust mass Md,in and for the transition radius between the
low and high surface density disk Rt to fit the SED as well
as the near-IR excess (Fc+Fh) estimated by interferometry in
the K band. The other disk parameters were kept identical for
the inner and outer components. In parallel, we considered
two approaches for the disk composition: in the first case we
included a 25% fraction of carbon grains (model CS) to quench
the strength of the silicate emission feature (van Boekel et al.
2003); in the second case we consider a more extreme case
of an inner component only composed of quantum-heated
particles (model Q) strongly coupled to the gas (e.g., Kluska
et al. (2018); Gravity Collaboration et al. (2021)). Our results
show that both populations of particles result in a good fit of the
SED in the proposed two-component disk configuration. For the
model CS, a transition radius Rt at ∼ 5.5 au and an inner disk
dust mass of ∼ 6×10−9 M� are derived. These two best models,
given in Table 6 and discussed in Sect. 5.2.2, may still contain
some level of degeneracy since other parameters such as the
scale height, the index of the surface density power-law, or the
flaring index may influence the near-IR excess. However, we
limited ourselves to the inner disk properties that can be directly
constrained by the near-IR flux ratios and spatial confinement of
the emission derived from our interferometric measurements.
We note that the proposed disk model, inherited from Hales
et al. (2014), supports the lower-end disk mass estimate from
the ALMA flux density in conjunction with a higher value of
the absorption coefficient κν at 1.3 mm. An increase of the total
dust disk mass of the outer component in Table 6 overestimates
the measured photometry in the far-infrared and sub-millimeter
range.

5.2.2. Disk structure

Transition radius – For the adopted two-component disk
model for HD 98922, the low- to high-density transition radius
Rt is found to be located at ∼5.5 au, with a lower-limit at 2.5 au
below which the near-IR excess is systematically overestimated
in the spectral energy distribution. Despite the degeneracy
between Rt and Md,in for the determination of the near-IR excess
flux from the fit of the SED, our interferometric measurements
can set constrains on the inner radius, relative flux contribution,
and compact spatial extent of the low-density component that
dominates the near-infrared excess. Table 7 illustrates this point
by comparing the relative flux contributions of the low- and
high-density components inferred from radiative transfer to
the estimates from the interferometric measurements, and this
for two values of Rt giving both a good fit of the SED. For
smaller values of Rt, the near-IR flux contribution of the outer
high-density component increases, while the one of the inner
low-density component decreases. Qualitatively, this would
translate for our geometrical models into wider rings, or into
a higher contribution of the halo component that we only find
to be less than 10% in both bands. For instance, in the case
Rt=3.5 au, the innermost low-density component probed by
GRAVITY and PIONIER contributes only up to ∼40%. It should
be however noted that the proposed argument suffers from some
degree of uncertainty: since the modeling of our interferometric
observables relies on single-ring geometrical models rather than
on radiative transfer images, the accuracy on the determination

Table 6. HD 98922 RT models. The stellar parameters are from
Guzmán-Díaz et al. (2021).

Star
Param. Unit Value
T? K 10500
R? R� 11.45
M? M� 7.0
d pc 650.9
AV mag 0.5

Disk Inner Component
Param. Unit Model CS Model Q
Rin au 0.6 0.6
Rt au 5.5 3.5
Md,in M� 6×10−9 2 × 10−12

H100 au au 10.0 10.0
γ 1.0 1.0
amin µm 1.0 0.006
amax µm 2200 0.006
pΣ -1.5 -1.5
Carbon % 25 0

Disk Outer Component
Param. Unit Value
Rt au 5.5
Rout au 320
Md,out M� 2×10−5

H100 au au 10.0
γ - 1.0
amin µm 1.0
amax µm 2200
pΣ - -1.5
Carbon % 25

Table 7. RT results for Model CS. The sign (∗) indicates that the relative
flux contributions of the disk and halo components are added. LDC and
HDC stand for low-density and high-density component, respectively.

Rt, Md,in 5.5 au, 6×10−9 M� 3.5 au, 3×10−9 M�
Flux SED Interf. SED Interf.
(%) H K H K H K H K
Star 30 16 22 23 28 14 22 23
LDC 70 75 78(∗) 77(∗) 41 44 78(∗) 77(∗)
HDC 0 9 – – 31 42 – –

of Rt remains limited. As the detailed interferometric modeling
of radiative transfer images goes beyond the scope of this
paper, we limit ourselves to propose that the structured disk of
HD 98922 shows a dust density transition located not closer
than ∼4-6 au from the central star. Estimating an upper value
for Rt is not feasible using only the presented data since the
near-IR excess (set on the first order by Rt, Md,in and Md,out) is a
degenerated quantity for excessively large values of Rt.

Surface density profile – The surface density profile we have
implemented has a sharp break discontinuity at Rt, which does
not correspond to a realistic case since a continuous transition
profile would be more physically meaningful. Such sharp
transitions are nonetheless proposed to differentiate between
volatile-rich and volatile-free regions, as for instance in the case
of the water snow line (Hayashi 1981; Lecar et al. 2006). More
recent works have reported structured inner disks with regions
of differentiated surface density (Tatulli et al. 2011; Matter et al.
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2016). We derive a low- to high-density transition of two orders
of magnitude at about 5 au (Fig. 9), with a dust surface density
Σd ∼ 0.001 g cm−2 in the low density region. We emphasize
that we cannot exclude that a gap is present in the disk of
HD 98922 beyond ∼5 au, but mid-infrared interferometric data
are necessary to explore this hypothesis. However, we also
note that HD 98922 is classified as a group II source in the
classification of Meeus et al. (2001) and based on the N-to-K
size ratio (Gravity Collaboration et al. 2019), suggesting a
preferentially flat, gap-free disk.

Location and temperature of the dust – The dust emission
in the H and K bands are expected to originate from about the
same region, close to the disk inner rim. In our case, the bulk of
the emission is located at different radii for the two bands. We
find the K band characteristic size is larger than the H band one
by a factor ∼1.4 to 2 when considering either the ring annular
radius ar or the half-light radius a parameters. This trend is
seen in previous works when comparing the results of Lazareff
et al. (2017) and Gravity Collaboration et al. (2019): out of
21 common sources, 17 show a larger K band size by a factor
ranging from 1.1 to ∼3. At first, the difference in resolution
between GRAVITY (1.75 mas) and PIONIER (1.22 mas) by a
factor 1.4 could explain that PIONIER resolves a more compact
emission, similarly to what observed for HD 163296 (GRAVITY
Collaboration et al. 2021). A more physical, albeit simplistic,
argument can be formulated based on the Wien’s temperature of
the dust in a temperature-gradient disk (i.e., T (r) = T0 (r/r0)−q)
emitting as a blackbody. For a typical value of q = 0.75 for a flat
group II disk, we derive a size ratio rK /rH ∼ (1350/1750)1/0.75,
or 1.41, in agreement with our findings.

One challenge posed by our results is the presence of H band
emitting dust as close as ∼0.6 au to the star. In the scenario of
a passively irradiated disk with an optically thin inner cavity
(Muzerolle et al. 2004; Monnier et al. 2005), the dust tempera-
ture at this location, assuming blackbody grain emitters (ε=1),
is Tg ∼ 2200 K, above the sublimation temperature of standard
silicates. This is also seen in Fig. 9 for the temperature structure
of our carbon-rich disk model. The problem of very hot dust
grain inside the theoretical sublimation radius has been observed
in other sources such as Z CMa, V1685 Cyg, MWC 297, and
HD 190073 (Monnier et al. 2005; Hone et al. 2017; Setterholm
et al. 2018), invoking the presence of refractory dust (e.g.,
Corundum or Iron), which sublimation temperature critically
depends on the disk density (Kama et al. 2009). Alterna-
tively, the possibility that a small fraction of highly refractory
graphite grains with high sublimation temperature (Ts>2000 K)
contributes to the near-infrared excess very close to the star
has been proposed for HD 163296 (Benisty et al. 2010), and
might apply in the case of HD 98922 as well. Clearly, further
radiative transfer modeling is required to tackle this question by
considering other values of amin, pΣ and grain composition. We
note that adding amorphous carbon to our initial pure-silicate
model was essential to decrease the dust temperature at 0.6 au
from T >3000 K to T ∼ 2300 K. Alternatively, for Herbig stars
with similar or larger masses than HD 98922, the undersized
inner disk is explained by the presence of optically thick gas in
the inner cavity, which is found to be favored in systems with
accretion rates Ṁacc & 10−8 M� yr−1 (Muzerolle et al. 2004).

Another possible explanation for the detection of excess
emission very close to the star is the presence in the inner
region of a fraction of quantum heated particles (QHPs), which

can be stochastically heated by the strong UV radiation field
from the central star, hence reaching temperatures higher than
the equilibrium temperature and producing near-IR continuum
emission. This scenario has been advanced for the sources
HD 100453, HD 179218, and HD 141569 (Klarmann et al.
2017; Kluska et al. 2018; Gravity Collaboration et al. 2021).
PAHs, as an example of QHPs, are detected in HD 98922
(Geers et al. 2007; Acke et al. 2010). Interestingly, the 6.2-
to-11.3 µm feature ratio is estimated from Seok & Li (2017) 4

to be I6.2/I11.3 ∼ 3–4, with ratios larger than unity pointing at
predominantly unshielded ionized PAH species in the disk inner
regions that are directly exposed to the intense UV radiation
field of the star (Maaskant et al. 2014). We tested a PAH-based
inner component radiative transfer model (Model Q, Table 6),
which allows a good fit of the SED with a very small mass of
QHP grains (2×10−12 M�) and a transition radius of 3.5 au. This
value of Rt is estimated as the balance between the increasing
contribution of the outer high-density component (HDC) to the
near-IR SED (for Rt<3.5 au) and the increasing contribution
of the inner low-density component (LDC) to the SED at
λ∼1.5 µm (for Rt>3.5 au and due to the blue spectral index of
the QHP emission). In the case of Model Q, the flux fractional
contribution of the LDC is estimated to be about ∼ 5% in the
K band and 10% in the H band.
Ultimately a mixture of refractory grains and QHPs could
explain the presence of continuum emission as close as 0.6 au
and detected in the H band. The presence of predominantly
ionized PAH species close to the star is therefore not to be
discarded.

5.3. The origin of the time-variable inner disk asymmetry

Our analysis suggests a crescent-like asymmetric dust feature
in the inner au-region HD 98922 and for which orbital motion
is detected. We explore here few hypothesis of dynamical
evolution of the disk.

Azimuthal asymmetries in the disk brightness distribution
can be explained by inclination projection effects like in the
case of FS CMa (Hofmann et al. 2022; Kluska et al. 2020),
which are then found to be orthogonal to the position angle
of the semi-major axis of the inclined disk. It is based on this
argument that Varga et al. (2021) discarded the hypothesis
of a projection effect to explain the brightness asymmetry in
HD 163296, later identified as a variable feature by GRAVITY
Collaboration et al. (2021). Recently, Gravity Collaboration
et al. (2019) suggested that projection effects due to inclination
of up to 45◦ induce closure phase signals not larger than 25◦. In
the case of HD 98922, our continuum model and previous works
(Hales et al. 2014; Lazareff et al. 2017; Gravity Collaboration
et al. 2019; Kluska et al. 2020) suggest a moderately inclined
disk with an inclination not significantly larger than ∼ 30◦. At
the same time, GRAVITY detects closure phase signals as high
as 40◦, which with the detection of the time-variable azimuthal
asymmetry, does not favor inclination effects of the system.

Another cause of the asymmetry could be the presence of
a stellar companion. HD 98922 was suggested to be a spectro-
astrometric binary system with a companion located at 0.5 mas
(Baines et al. 2006). The binarity is not supported though by
the latest Gaia measurements (Gaia Collaboration et al. 2021),
which report a RUWE parameter of 0.94, meaning that a single-

4 The ratio is uncertain due to incomplete wavelength coverage
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Fig. 9. RT CS model presented in Table 6. The top left panel shows the SED, where the black-dashed line represent the star black-body function,
the red one the total (star+disk) SED model, and the blue markers represent the photometric data. The top right panel shows the dust surface
density as a function of the distance from the star. The bottom left plot shows the dust density structure, where the black dashed line represent
the vertical τ= 1 surface at 2.2 µm, and the red lines represent, from left to right and for both components, the density contours at 10−15, 10−16,
10−17, and 10−18 g cm−3, respectively. The bottom right plot shows the dust temperature structure, where the black lines represent, from left to
right, temperature contours at 2300, 2000, 1700, 1500, and 1300 K, respectively. In these last two plots the y-axis shows the height divided by the
distance from the star.

star model provides a good fit to the astrometric observations.
According to Gaia EDR3, HD 98922 B located at 300 pc is a
foreground object and therefore not related to ours. To test stellar
companion scenario through our data, we fitted each epoch of
the PIONIER and GRAVITY data set independently with a
simple binary plus halo model, however the model fits badly
both the visibility and the closure phase signals. Therefore, we
tested a more complex model that accounts for two unresolved
point sources representing the primary star and the companion,
a halo, and a centrosymmetric ring. The fitting procedure is a
global fit, with all the free parameters constrained to be constant
through the epochs except for the location of the companion.
The model fits nicely the GRAVITY data set (χ2

r = 4.66 ± 0.27)
but poorly the PIONIER one (χ2

r = 15.38 ± 0.69). Moreover,
the models suggest that the companion changes drastically its
location with respect to the star through the epochs from a
minimum of 0.001 mas to a maximum of 1.4 mas, which would
require a highly eccentric orbit. Finally, the flux contribution of
the companion (≈ 5 − 7%) suggested by the models translates
in a apparent magnitude of mH ≈ 8.1 mag in the H-band, and
mK ≈ 7.5 mag in the K-band. This values are not consistent
with the lowest possible magnitude for a substellar object

(mH = 18.15 mag, mK = 17.63 mag) when accounting for a
mass of 10 MJ , an age of 1 Myr, an effective temperature of
2315.5 K, and a radius of 2.44 RJ (Fortney et al. 2008). Based on
this analysis, our data sets do not favour the companion scenario.

Hydrodynamic instabilities could also lead to time-variable
asymmetry in disks (e.g., Meheut et al. 2010; Flock et al. 2017).
Vortexes originating from pressure bumps through Rossby wave
instability (e.g., Li et al. 2001) is one of those. Such a scenario
was suggested by Varga et al. (2021), combined with grain
collisions in the vortex region so that the creation of small grains
increases its surface brightness, in order to explain the disk
asymmetry in HD 163296. A hydrodynamical simulation that
accounts for both the gas and the dust component could help in
testing the validity of this scenario but it is out of the scope of
this paper.

Finally, gravitational instabilities that lead to the fragmen-
tation of the disk into one or more gravitationally bound objects,
are another possible mechanism originating the features seen
in protoplanetary disks (e.g., Lodato & Rice 2004; Pohl et al.
2015). The onset of these instabilities requires disk regions
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with appropriate physical properties for which the gravita-
tional potential energy overcomes the pressure and rotational
kinetic support. This can be achieved easily the more the disk
is compact and massive. We note from our RT analysis of
HD 98922 that in the region of our interest, that corresponds
to the inner component, the dust surface density is of the
order of ΣD . 0.1 g cm−2, i.e. . 10 g cm−2 for the total disk
surface density. From this value we can assess analytically if
the requirements for gravitational instabilities are met through
the Toomre criterion, for which a disk is unstable if the Toomre
parameter (Toomre 1964) is of order unity:

QT =
HpM?

πr3GΣg
. 1, (13)

where Hp is the pressure scale-height at a given radius r, M?

the mass of the star, Σg the gas surface density at r, and G the
gravitational constant. Our ΣG ≈ 10 g cm−2 value translates in a
Toomre parameter of QT & 40000 at r = 0.6 au. The latter is
well above unity, needed for gravitational instabilities to be sig-
nificant, going in contrast with the disk fragmentation scenario.

5.4. The Brγ-line emitting gas region

As mentioned in the Introduction, the origin of the Brγ-line
emitting gas region is unclear with previous works suggesting
various scenarios like the stellar wind, X-wind, magnetospheric
accretion one (Kraus et al. 2008), the latter favoured by the
authors, or the disk-wind one (Caratti o Garatti et al. 2015).

The magnetospheric accretion scenario is related to the
measured magnetic field of HD 98922. Hubrig et al. (2013)
report for the mean longitudinal magnetic field 〈Bz〉 a value of
−131 ± 34 G, but they do not show data and do not calculate the
false alarm probability (FAP). Järvinen et al. (2019) republished
these data reporting a value of −33 ± 4 G (FAP < 10−5), and
gives a new measurement 〈Bz〉 = 28 ± 7 G (FAP < 10−6). Other
authors have instead reported a non-detection (Wade et al. 2007;
Alecian et al. 2013). Interestingly, Mendigutía (2020), following
Johns-Krull et al. (1999), calculated a 49 G lower limit (with
no error bar) for the magnetic field required to drive magne-
tospheric accretion in HD 98922, accounting for an accretion
rate of 2.75 × 10−6 M� yr−1. Comparing this estimate with the
measurements listed above, only the value reported by Hubrig
et al. (2013) would be consistent for magnetospheric accretion.
Taking in consideration that most of the measurements are
lower than 49 G, and that the work of Järvinen et al. (2019)
goes in contrast with the results of Hubrig et al. (2013), we
disfavour the magnetospheric accretion scenario as the main
cause of HD 98922 Brγ-line emission. The disfavorment is
also backed-up by the fact that the Brγ-line emitting region is
spatially extended while the system co-rotation radius (Shu et al.
1994; Muzerolle et al. 2004) is ≈ 2.6 R? or ≈ 0.14 au, much
more compact than the location of Brγ-line gas, meaning that
emission from a more extended region is required to interpret
the observations. Finally, the system does not show any inverse
P Cygni profile nor variability on the red side of the Na I D
and Balmer lines (Aarnio et al. 2017), which are expected if
magnetospheric accretion is taking place (Aarnio et al. 2017),
despite the authors fully sampled the stellar rotation period.

Strong variability is instead seen in the blue-shifted ab-
sorption components of the above mentioned lines, with few
days time-scale (Aarnio et al. 2017), that probe regions between

the co-rotation radius and fractions of an au. The blue-shifted
absorption components are easily reproduced via a disk wind
extending from 0.17 au to 0.42 − 0.85 au and a wind mass loss
rate of 10−7 M� yr−1 (Aarnio et al. 2017). A disk wind model,
coupled with an asymmetric continuum disk, was also able
to explain HD 98922 AMBER/VLTI high spectral resolution
Brγ-line interferometric data (one epoch 28 February 2013). In
this case, the wind extends from ≈ 0.1 au to ≈ 1 au, with a wind
mass loss rate of 2 × 10−7 M� yr−1. To inquiry the validity of
the disk-wind model with respect to the new results presented
in this paper, one should check if the time-variable pure-line
photocenters shifts shown in Fig. 4 can be reproduced by such
model, accounting for a time-variable asymmetric continuum
disk and a time-variable disk wind. The former is left for a
future work.

It is interesting to note that not only the location of the
Brγ-line gas changes through the epochs, but also the intensity
of its emission. From the equivalent widths (EWs) and the
2MASS K-band magnitude of the object, we derived the line
luminosity for each epoch beside the first two, where the line
EW is strongly affected by the continuum normalization process
and therefore not reliable, as follows. We derived firstly the flux
of the line, FBrγ, by multiplying the EWBrγ with the continuum
flux at the center of the line, given by:

Fcont = F0,K10−0.4(mK−0.1AV), (14)

where F0,K is the flux in the K-band of a mK = 0 star
(4.28 × 10−11 erg/s/cm2/Å, Rodrigo & Solano 2020). The
fluxes were then converted into the line luminosity, LBrγ, using
the distance of our object. Finally, following Fairlamb et al.
(2017), we derived the accretion luminosities:

log10

(
Lacc

L�

)
= (1.30 ± 0.09) log10

(
LBrγ

L�

)
+ (4.46 ± 0.23). (15)

From Table 8 we see that in the 4 months period going from
March 2019 (G4) to July 2019 (G8) the Brγ-line luminosity is
relatively constant at ≈ 1.87 × 10−2 L�, but after 6 months (G9)
the luminosity increases by 15 % and doesn’t significantly vary
for 11 months (G11), after which it increases again in 14 months
by 8 % (G12), and by 8 % in the following week (G13), for a
total increase of 30 %. In the scenario of a planet embedded in
the circumstellar disk, emission lines and luminosity variability
of these lines are expected, due to the revolution motion of the
planet that affects the accretion rate onto the circumplanetary
disk (Szulágyi & Ercolano 2020). Using the empirical relation
from Szulágyi & Ercolano (2020) that correlates the Brγ-line
luminosity to the mass of the accreting planet:

log10(LBrγ) = (2.29 ± 0.55) ·Mplanet − 25.16, (16)

we derive a mass of Mplanet = 10.3 ± 2.5 MJ , where the error bar
is mainly due to the error on the first coefficient. The Brγ-line
luminosity that stems from the accreted material into the planet
can be estimated with the empirical relation from Szulágyi &
Ercolano (2020):

log10(LBrγ) = (17.59 ± 6.08) · log10(Lacc) + 38.37, (17)

from which we derive Lacc = 1.22±0.72×102 L�, where the error
bar is again mainly due to the error on the first coefficient. These
values should be considered loose estimates, since the simulation
done by Szulágyi & Ercolano (2020) accounts for a model with
a central star of 1 M� (5 M� in our case), a circumstellar disk
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ranging between 2 and 12.4 au (0.6 − 320 au in our case), and a
planet placed at 5.2 au. Nonetheless, an embedded ∼ 10 MJ com-
panion could play a role in the origin of the Brγ-line luminosity,
its variability, and the changing position of the gas location as
measured by GRAVITY, but further modeling is needed.

Table 8. Brγ-line properties

Epoch EWBrγ LBrγ Lacc

[Å] [10−2 L�] [102 L�]
G4 −1.69 ± 0.06 1.95 ± 0.09 1.72 ± 0.38
G5 −1.56 ± 0.15 1.80 ± 0.18 1.55 ± 0.43
G6 −1.63 ± 0.13 1.88 ± 0.16 1.64 ± 0.43
G7 −1.59 ± 0.24 1.83 ± 0.28 1.59 ± 0.55
G8 −1.59 ± 0.07 1.83 ± 0.09 1.59 ± 0.35
G9 −1.93 ± 0.11 2.22 ± 0.14 2.04 ± 0.51
G10 −1.96 ± 0.15 2.26 ± 0.18 2.09 ± 0.57
G11 −1.97 ± 0.14 2.27 ± 0.17 2.10 ± 0.56
G12 −2.14 ± 0.10 2.47 ± 0.13 2.34 ± 0.58
G13 −2.32 ± 0.10 2.67 ± 0.13 2.60 ± 0.66

6. Summary

We have presented new GRAVITY/VLTI observations of
HD 98922 which, coupled with PIONIER/VLTI archive data,
form a 11 year observational period data set of the system, ac-
counting for a total of 33 different epochs between 2011 and
2022. The data set allowed a unique interferometric study to test
the potential time-variability of the innermost circumstellar envi-
ronment morphology. Here we summarize the main conclusions
of our work:

– The system was resolved by both instruments in all epochs
with squared visibilities that do not vary significantly
through the epochs when comparing observations taken with
similar (u-3) coverage. This suggests no significant variation
in time of the star-disk flux contribution ratio.

– Significant change in time is observed in the non-null closure
phase signals even for observations taken with similar (u-3)
coverage, suggesting asymmetric time-dependent variations
in both the H- and K-band continuum components.

– Geometrical modeling of the interferometric data suggests
indeed an crescent-like asymmetric dust feature in the cir-
cumstellar environment of HD 98922, extending between
∼ 0.5 and ∼ 2 au dominating the near-IR flux emission
(≈ 70%).

– The dusty feature peak emission, constant in time in its mag-
nitude, changes its location through the epochs with respect
to the star in a seemingly revolution motion. The revolution
period is not well constrained due to the low cadence of the
observations. A first loose estimate is of the order of 1 year.

– MCMax SED RT modeling suggests that this innermost
dusty component could be made of carbon-rich (25 %) sil-
icates grains. The total surface density at ∼ 1 au is .
10 g cm−2, translating in a Toomre parameter much higher
than unity. Therefore, the model does not favour a gravita-
tional instability scenario as the origin of the time-variable
dusty feature.

– The GRAVITY SC data show a single-peaked Brγ-line with
an increasing EW in time. The derived Brγ-line luminosity
increases for a total of 30 % in 3 years.

– The Brγ-line emitting gas varies significantly in its location
through the epochs with respect to the star position. For most

of the epochs the gas is located in a region between the dusty
feature and the star and it follows at first order the revolution
motion of the feature.

– While a magnetospheric accretion scenario is not favoured,
a time-variable disk wind or an embedded ∼ 10 MJ com-
panion could explain the Brγ-line luminosity, its variability,
and the changing position of the gas location as measured by
GRAVITY, but further modeling is needed.

The study strongly support a time-variable morphology in the
innermost circumstellar environment of HD 98922. Especially
surprising is the Brγ-line gas emission variability, linked to the
dusty feature one. These results prove the need in high cadence
observations of YSOs to understand the phenomena occurring in
these systems, their origin and their evolution.
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Appendix A: Observations

Appendix B: Aspro synthetic data tests

Appendix C: Azimuthal modulation global fit
parameters χ2

r maps

Appendix D: Spectrum wavelength calibration and
star photospheric absorption model

The continuum-normalization of the GRAVITY science object
spectrum of each epoch (average of all the observations blocks
files that come from the 4 different ATs for that epoch) was
done by fitting the slope of the raw spectrum and dividing
the latter by the resulting fit. The first step of the wavelength
calibration was done by comparing the observed wavelength
positions of the telluric lines in the HD 98922 spectrum for each
epoch with respect to the positions of the telluric lines present
in the IR spectrum of the atmospheric transmission above Cerro
Pachon, generated using the ATRAN modeling software (Lord
1992) accounting for 4.3 mm water vapor column and 1.5 mm
airmass column, available on the Gemini Observatory website.
The atmospheric transmission spectrum was convolved by a
Gaussian with FHWM of 6 Å to have the same resolution as
GRAVITY. The correction results in a blue-shift between 0 and
5 Å depending on the epoch. The HD 98922 spectrum was then
corrected for the star radial velocity (−4.9 km/s) and its proper
motion with respect to the local standard of rest, with a value
that depends on the epoch of observations (between ≈ −35 and
≈ 2 km/s). The same corrections (telluric lines calibration, radial
velocity correction, and local standard of rest correction), were
also applied on the SC visibilities and differential phases for
each epoch. The stellar atmospheric Brγ absorption was taken
into account through a model selected from the Vienna New
Model Grid of Stellar Atmospheres (Heiter et al. 2002)5 that best
represents the star (see Table 1). The model accounts for a star
effective temperature of 10500 K, a surface gravity logarithm of
3.4, a metallicity of [Fe/H] = −0.5, and a microturbulence of
2.0 km/s, common value for a Herbig star. Finally, we included
in the model the rotation broadening effect due to the rotation of
the star (v sin i = 39.0 km/s) and we convolved the final model
by a Gaussian with FHWM of 6 Å to have the same resolution
as GRAVITY using SPECTRUM (Gray & Corbally 1994).

Recently, a systematic spectral shift of the line features
has been found in the GRAVITY SC data. The shift is seen
when comparing data from an individual telescope with respect
to the other telescopes, but also globally with regard to the
known wavelength positions of the telluric lines in the K-band.
It is thought that the shift is caused by the old grism of the
science spectrometer which was upgraded in October 2019.
GRAVITY data taken after this month should therefore no
longer be affected. To check if our results are affected by
the shift, we corrected the shift in the 19 March 2019 data
following Gravity Collaboration et al. (2023), and compared
the results with the ones obtained without the correction. For a
description of the correction we refer to Section 3.2 of Gravity
Collaboration et al. (2023). Figure D.1 shows the pure-line
photocenters shift obtained with the original data (top panel)
and with the corrected ones (bottom panel). We note a slight
change in the shift when comparing photocenters of the same
spectral channel. However, in this work we are not primarily

5 available on the NeMo webpage (Ch. Stütz and E. Paunzen, http:
//www.univie.ac.at/nemo/)

interested in the relative position of the photocenters for each
spectral channel, but rather in the overall location of the gas
with respect to the star and the dusty feature. This choice is
also based on the fact that our data were obtained with the ATs,
meaning that we have only 4 or 5 spectral channels across the
line. Data obtained with the UTs have instead around 12 spectral
channels across the line, making these data more suitable for
high-precision spectral analysis. With this point of view, the
differences between the results obtained with the corrected and
the non-corrected ATs data is negligible. Therefore, we decided
to not apply this high-precision spectral calibration to our data.

Appendix E: Photometric data
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Table A.1. Observation logs of the VLTI/PIONIER HD 98922 observations

ID Date UT Configuration N Calibrator Seeing [′′] Airmass τ0 [ms] IDobs

P1 03-06-2011 00:21 D0-G1-H0-I1 4 NDA 0.5-0.9 1.17-1.26 1.6-2.9 087.C-0458(C)
P2 08-06-2011 23:28 A1-B2-C1-D0 2 NDA 0.8-1.3 1.15-1.16 2.0-2.7 087.C-0458(B)
P3 25-03-2012 04:50 A1-G1-I1-K0 2 NDA 0.5-0.9 1.16-1.38 2.6-4.8 088.D-0828(B)
P4 28-03-2012 05:22 A1-G1-I1-K0 2 NDA 1.4-1.6 1.22-1.28 1.3-1.4 088.D-0185(A)
P5 20-12-2012 06:47 A1-B2-C1-D0 2 NDA 0.5-0.6 1.38-1.47 8.1-8.5 190.C-0963(C)
P6 22-12-2012 09:13 A1-B2-C1-D0 1 NDA 0.8-0.9 1.15-1.16 8.1-9.5 190.C-0963(C)
P7 26-01-2013 08:48 A1-G1-J3-K0 1 NDA 1.2-1.5 1.16-1.51 1.1-1.2 190.C-0963(A)
P8 27-01-2013 07:11 A1-G1-J3-K0 2 NDA 0.9-1.0 1.14-1.15 2.7-2.8 190.C-0963(A)
P9 28-01-2013 08:39 A1-G1-J3-K0 3 NDA 0.8-1.5 1.17-1.28 1.5-3.3 190.C-0963(A)
P10 30-01-2013 07:25 A1-G1-J3-K0 1 NDA 1.6-1.3 1.30-1.80 1.5-1.6 190.C-0963(C)
P11 31-01-2013 03:39 A1-G1-J3-K0 2 NDA 0.9-1.1 1.15-1.16 1.8-2.3 190.C-0963(A)
P12 01-02-2013 04:35 A1-G1-J3-K0 3 NDA 0.8-1.1 1.18-1.34 2.0-3.4 190.C-0963(A)
P13 17-02-2013 01:47 D0-G1-H0-I1 3 NDA 0.7-0.8 1.19-1.22 3.7-4.4 190.C-0963(B)
P14 18-02-2013 03:27 D0-G1-H0-I1 4 NDA 0.5-0.9 1.14-1.52 3.2-5.4 190.C-0963(B)
P15 19-02-2013 08:20 D0-G1-H0-I1 1 NDA 0.7-0.9 1.26-1.27 3.1-3.9 190.C-0963(B)
P16 20-02-2013 02:36 D0-G1-H0-I1 2 NDA 0.7-1.0 1.41-1.49 3.8-5.2 190.C-0963(B)
P17 23-06-2014 22:57 A1-G1-J3-K0 2 HD 98895 0.5-0.8 1.17-1.19 1.9-2.6 093.C-0559(D)
P18 21-02-2016 06:08 D0-G2-J3-K0 1 HD 98895 1.4-1.9 1.13-1.14 0.9-1.4 096.C-0867(C)
P19 01-03-2016 05:44 D0-G2-J3-K0 2 HD 98895 1.0-1.7 1.14-1.16 1.7-2.9 096.C-0867(D)
P20 02-03-2016 06:18 D0-G2-J3-K0 2 HD 98895 0.8-1.0 1.16-1.20 1.9-2.3 096.C-0867(E)

Notes. The date format is day-month-year. N denotes the number files that have been recorded on the target. NDA: no data available; These
archival data were retrieved already calibrated from the JMMC Optical interferometry DataBase (http://oidb.jmmc.fr/index.html).

Table A.2. Observation logs of the VLTI/GRAVITY HD 98922 observations

ID Date UT Configuration N Calibrator Seeing [′′] Airmass τ0 [ms] IDobs

G1 22-02-2017 07:13 A0-G1-J2-K0 14 HD 103125 0.7-1.7 1.18-1.70 NDA 098.C-0765(C)
G2 19-03-2017 04:36 A0-G1-J2-K0 5 HD 100825 0.7-0.9 1.14-1.17 NDA 098.D-0488(A)
G3 15-06-2018 00:09 D0-G2-J3-K0 4 HD 100825 0.8-1.2 1.21-1.30 2.3-3.2 0101.C-0311(A)
G4 19-03-2019 05:45 D0-G2-J3-K0 6 HD 100825 0.5-0.6 1.20-1.27 3.5-5.9 0102.C-0408(D)
G5 24-05-2019 01:45 A0-G1-J2-J3 6 HD 103125 0.6-0.9 1.22-1.29 1.8-3.2 0103.C-0347(C)
G6 04-06-2019 23:21 A0-B2-C1-D0 7 HD 103125 0.8-1.1 1.14-1.16 2.8-4.1 0103.C-0347(B)
G7 11-07-2019 23:22 D0-G2-J3-K0 5 HD 103125 0.8-1.1 1.33-1.42 2.0-3.0 0103.C-0347(A)
G8 13-07-2019 22:56 D0-G2-J3-K0 7 HD 103125 0.3-0.5 1.29-1.41 1.3-1.4 0103.C-0347(A)
G9 27-01-2020 05:56 A0-G2-J2-J3 5 HD 103125 0.7-1.0 1.16-1.21 3.6-5.9 0104.C-0567(A)
G10 04-02-2020 05:35 A0-B2-C1-D0 11 HD 103125 0.7-1.1 1.14-1.20 2.1-4.9 0104.C-0567(C)
G11 23-12-2020 06:31 D0-G2-J3-K0 13 HD 99311 0.7-1.9 1.20-1.47 2.1-4.6 106.212G.002
G12 07-02-2022 07:43 D0-G2-J3-K0 8 HD 103125 0.5-1.2 1.16-1.24 4.4-12.6 108.228Z.002
G13 14-02-2022 06:11 A0-G1-J2-J3 6 HD 103125 NDA 1.14-1.15 NDA 108.228Z.001

Notes. Same as A.1
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Fig. A.1. HD 98922 PIONIER data, squared visibilities, closure phases, and (u,3) plan coverage for each epoch. Colors referees to the different
PIONIER spectral channels. Gray crosses represent the model described in Section 3.1 and Table 4. Gray circles in the bottom plots show the
residuals.
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Fig. A.1. Continued.
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Fig. A.2. HD 98922 GRAVITY FT data, squared visibilities, closure phases, and (u,3) plan coverage for each epoch. Colors referees to the different
GRAVITY spectral channels. Gray crosses represent the model described in Section 3.1, and Table 4. Gray circles in the bottom plots show the
residuals.
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Fig. A.3. HD 98922 GRAVITY SC data for the different epochs. For each epoch, top plots show the wavelength-calibrated and continuum-
normalized spectrum, left plots show the total squared visibilities, and right plots show the total differential phases. Circles represent the pure-line
quantities. Colors refers to the different baselines.
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Fig. A.3. Continued.
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Fig. B.1. Aspro synthetic data (white markers), Vis2, closure phases, and (u,3) plane (left, center, and right panel, respectively) for the different
baseline configurations. Blue markers represent the model described in Section 4.1. Bottom panels show the residuals of the fitting process.
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Fig. C.1. Reduced chi-squared χ2
r curves of each non-time-variable parameter from the azimuthal modulation global fit model. The first two rows,

where the curves are blue, refer to the PIONIER data model, while the last two rows, where the curves are black, refer to the GRAVITY data
model.
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Fig. C.2. Global fit azimuthal modulation parameters χ2
r maps. The red lines represent the 3σ error bars of the parameters derived through the

MCMC fitting procedure. Their intersections give the smallest χ2
r for a given epoch.
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Table E.1. HD 98922 photometry data

λ Fλ ∆ Fλ Reference
(µm) (erg cm−2 s−1 Å) (erg cm−2 s−1 Å)
0.35 6.73×10−12 6.73×10−13 Malfait et al. (1998)
0.35 8.30×10−12 1.44×10−13 Myers et al. (2015)
0.42 1.27×10−11 6.79×10−14 Esa (1997)
0.50 8.05×10−12 2.35×10−14 Gaia Collaboration et al. (2018)
0.43 1.33×10−11 1.33×10−12 Malfait et al. (1998)
0.44 1.25×10−11 1.25×10−12 Høg et al. (2000)
0.53 7.82×10−12 7.42×10−14 Esa (1997)
0.55 7.17×10−12 3.30×10−13 Malfait et al. (1998)
0.55 7.39×10−12 7.39×10−13 Høg et al. (2000)
0.55 7.54×10−12 7.54×10−13 Hauck & Mermilliod (1998)
0.58 5.80×10−12 1.77×10−14 Gaia Collaboration (2020)
0.67 4.56×10−12 1.99×10−14 Gaia Collaboration et al. (2018)
0.76 3.04×10−12 1.55×10−14 Gaia Collaboration (2020)
0.77 3.01×10−12 1.51×10−14 Gaia Collaboration et al. (2018)
1.22 1.15×10−12 1.15×10−13 Malfait et al. (1998)
1.24 1.24×10−12 2.29×10−14 Cutri et al. (2003)
1.63 9.53×10−13 2.60×10−14 Cutri et al. (2003)
1.65 8.26×10−13 8.26×10−14 Malfait et al. (1998)
1.66 9.03×10−13 2.41×10−14 Cutri et al. (2003)
2.16 8.32×10−13 2.76×10−14 Cutri et al. (2003)
2.18 7.12×10−13 7.12×10−14 Malfait et al. (1998)
2.19 7.94×10−13 2.50×10−14 Cutri et al. (2003)
3.35 4.41×10−13 6.41×10−14 Cutri & et al. (2012)
3.55 4.99×10−13 4.99×10−14 Malfait et al. (1998)
4.60 4.35×10−13 5.67×10−15 Cutri & et al. (2012)
4.77 2.68×10−13 2.68×10−14 Malfait et al. (1998)
8.61 1.08×10−13 4.04×10−16 Ishihara et al. (2010)
12.0 6.34×10−14 6.34×10−15 Beichman et al. (1988)
18.4 1.91×10−14 8.86×10−17 Ishihara et al. (2010)
25.0 9.25×10−15 9.25×10−16 Beichman et al. (1988)
60.0 3.56×10−16 3.56×10−17 Beichman et al. (1988)
61.9 4.85×10−16 4.39×10−17 Helou & Walker (1988)
65.0 2.30×10−16 1.70×10−17 Yamamura et al. (2010)
70.0 2.19×10−16 1.10×10−17 Hales et al. (2014)
90.0 9.60×10−17 5.29×10−18 Yamamura et al. (2010)
140.0 1.73×10−17 7.98×10−18 Yamamura et al. (2010)
160.0 1.03×10−17 5.14×10−19 Hales et al. (2014)
1290.0 1.88×10−21 1.88×10−22 ALMA Archive data
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Fig. D.1. Difference between pure-line photocenters shift obtained with
data corrected with the GRAVITY data reduction software (Lapeyrere
et al. 2014, top panel), and with the high-precision spectral calibration
of Gravity Collaboration et al. (2023). Same markers as in Fig. 7.
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3.4 Comments

The study on HD 98922 here presented, covers many aspects of the astrophysical properties of
YSOs, many of which are still not well understood. Relaxed assumptions were proved inade-
quate, supposedly discrepancy were afresh highlighted, and new questions also arose.

3.4.1 On the Repercussions of Different Modeling Approaches

A first comment goes on the impact of different interferometric modeling approaches. It is
now clear that assuming temporal non-variability for a given object is inappropriate, if done
without a careful analysis of data taken at different epochs. An example of the latter would be
comparing interferometric observables retrieved through similar (u, v)-plane coverage at epochs
spaced in time by days, weeks, and months. Another approach would be the one proposed by
Kobus et al. (2020), which is based on comparing visibility curves of a given system taken at
different epochs and also through different (u, v)-plane coverage. However, the latter approach
does not take into account the closure phases, which retain the most information on the spatial
distribution of the continuum emission and its possible time-variability, and therefore it should
be further developed.

One would be tempted to use data sets taken at different epochs and with different baseline con-
figurations independently. As shown by Section 4.1 of the manuscript however, this approach
can lead to spurious results. As an example, in Fig. 3.2 I show some parameters estimates ob-
tained from fitting each epoch of the HD 98922 GRAVITY data set independently. We note
the wide ranges for the star flux contribution (∼ 20-60 %), for the halo one (∼ 0-40 %), for the
ring inclination (∼ 20◦-50◦), and for the ring wireframe radius (∼ 1-5 mas). I also emphasize the
fairly large error bars, in contrast with the ones derived by the global fit approach presented in
the manuscript. Finally, as already known and previously mentioned, the accounting of small
baseline configuration data impact significantly the fitting results. The star flux K-band contri-
bution found by Gravity Collaboration et al. (2019), based solely on the fit of the February and
March 2017 epochs astrometric configuration data sets, is 6 % smaller than the one found in
this new work. Moreover, their halo contribution estimate is null, substantially different from
the new 10 % value.

104



3.4 Comments

Figure 3.2: HD 98922 GRAVITY data set single epoch fits results for the different parameters.
Colors refer to the different baseline configurations: A - Astrometric, M - Medium, L - Large,
S - Small. Epochs are listed in Table A.2 of the manuscript.
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3.4.2 On the H- and K-Band Emission Excess Spatial Extent

A second comment goes on the different sizes of the H- and K-band continuum emissions re-
trieved in this work for HD 98922. For the former, the model suggests a wireframe radius of
0.93 mas, and a half-flux radius of 1.85 mas. For the latter, a wireframe radius of 2.02 mas, and
a half-flux radius of 2.66 mas. This is better illustrated in Fig. 3.3. In the top plots are depicted
the HD 98922 models for the K-band (left) and the H-band (right) continuum emissions, with
an azimuthal modulation position angle explicitly set at 90◦ NE. In the bottom plot, the radial
profiles along the x-axis of both emissions is shown. The intensity of the two emissions in
the plot are not scaled, as we know from literature data that the system total magnitude in the
H-band is higher than the one in the K-band (see Section 4.4 of the manuscript). The goal of
the plot is to show just the relative position of the two emissions’ peaks. We note indeed a clear
separation between the two.

The H- and K-band continuum excess emissions stem from re-radiation of the stellar emission
at ∼ 1.65 µm and ∼ 2.15 µm, respectively. Assuming black-body radiation, from the Wien’s dis-
placement law, the H-band emitting dust has a temperature of TH ∼ 1750 K, and the K-band
emitting one has a temperature of TK ∼ 1350 K. Assuming that the disk is classically parame-
terized by a temperature power law T (r) = T0 (r/r0)−q, where T0 is the temperature at r0 = 1 au,
and q = 0.75, typical value for a flat, group II disk, then, from the ratio TK/TH = (rK/rH)−q,
the K- and H-band sizes ratio would be (rK/rH)∼ 1.41. Considering the half-flux radius, the
ratio estimated for HD 98922 (rK/rH ≈ 1.44) is consistent with the former value. The separa-
tion between the two components however was not seen in our RT model, which images were
produced with RADMC-3D (Dullemond et al. 2012). It was instead reproduced by the RT mod-
eling of HD 98922 done by Hales et al. (2014) with MCFOST (Pinte et al. 2006), leading to a
value of (rK/rH)∼ 1.5 (F. Ménard, private communication 2022). We cannot exclude that other
phenomena afflicting the two components in different way may be at play.

This allegedly discrepancy was already seen in previous works for a few sources. In Table 3.1,
the H- and K-band continuum emissions sizes derived through PIONIER and GRAVITY data
modeling by Lazareff et al. (2017) and Gravity Collaboration et al. (2019) are listed. The
first thing we note, is that different models can lead to significantly different results. The es-
timates derived with the ellipsoid model are often larger then the ones derived with the ring
model. Secondly, and more relevant to the topic discussed in this paragraph, we note that for
a few sources the ratio between the two sizes depart considerably from my simple estimate of
1.4. Surprisingly, some sources show a ratio substantially smaller than unity, like HD 45677,
HD 142666, and HD 179218, which would translate in a K-band component located closer to
the star with respect to the H-band one. The resulting inconsistency with the temperatures (the
K-band component would be hotter than the H-band one) is enigmatic. GRAVITY Collabora-

106



3.4 Comments

Figure 3.3: Top. HD 98922 K-band (left) and H-band (right) continuum model. The star has
been removed to enhance the circumstellar emission. Bottom. Radial profile of the peak-
normalized emissions shown above along the x-axis. Intensities not on scale.

tion et al. (2021b) suggested that the separation found between the two bands components for
HD 163296, with the K-band apparent size being larger by a factor of two than the H-band one,
is due to the different effective resolutions of PIONIER and GRAVITY; the extended emission
of the source is filtered out more efficiently, the larger the interferometer baselines, leading
to an observed more compact object. In the case of HD 98922 observations analysed in the
manuscript, the maximum angular resolution obtained by PIONIER is 1.25 mas, and the one
obtained by GRAVITY is 1.72 mas, backing-up the interpretation of GRAVITY Collaboration
et al. (2021b). This is also consistent with the fact that the fit of HD 98922 PIONIER data led
to a 4 % halo flux contribution, in contrast to the 10 % value found by the GRAVITY data fit.
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Table 3.1: H-band and K-band continuum emitting regions size

Object Ellipsoid Model HWHM (mas) Ring Model Wireframe Radius (mas)
H-band K-band rK/rH H-band K-band rK/rH

HD37806 1.45 ± 0.03 1.59 ± 0.04 1.10 ± 0.06 1.38 ± 0.11 1.48 ± 0.16 1.07 ± 0.21
HD45677 9.77 ± 0.23 3.09 ± 0.25 0.32 ± 0.03 8.37 ± 0.28 6.42 ± 0.47 0.77 ± 0.08
HD58647 1.55 ± 0.04 2.09 ± 0.05 1.35 ± 0.07 1.59 ± 0.30 1.78 ± 0.06 1.12 ± 0.43
HD85567 0.54 ± 0.03 0.54 ± 0.02 1.00 ± 0.10 0.38 ± 0.19 0.56 ± 0.04 1.48 ± 1.47
HD95881 1.00 ± 0.05 1.52 ± 0.07 1.52 ± 0.16 0.65 ± 0.13 0.29 ± 0.80 0.44 ± 1.25
HD97048 1.07 ± 0.13 1.07 ± 0.06 1.00 ± 0.25 0.73 ± 0.46 1.22 ± 0.15 1.68 ± 2.14
HD98922 1.78 ± 0.00 2.95 ± 0.07 1.66 ± 0.04 0.87 ± 0.06 1.31 ± 0.14 1.50 ± 0.27
HD100546 2.34 ± 0.06 2.46 ± 0.06 1.05 ± 0.05 2.25 ± 0.17 2.23 ± 0.07 0.99 ± 0.16
HD139614 1.29 ± 0.09 3.98 ± 0.10 3.09 ± 0.45 0.79 ± 0.51 2.36 ± 2.89 3.01 ± 5.37
HD142527 1.15 ± 0.03 1.32 ± 0.03 1.15 ± 0.06 0.33 ± 0.12 0.90 ± 0.07 2.70 ± 1.99
HD142666 1.07 ± 0.05 0.89 ± 0.06 0.83 ± 0.10 0.64 ± 0.36 0.10 ± 1.44 0.16 ± 2.26
HD144432 1.23 ± 0.06 1.45 ± 0.04 1.17 ± 0.11 0.53 ± 0.12 1.12 ± 0.08 2.12 ± 0.99
HD144668 1.86 ± 0.04 2.09 ± 0.05 1.12 ± 0.06 1.06 ± 0.08 1.42 ± 0.16 1.33 ± 0.25
HD150193 1.62 ± 0.04 2.82 ± 0.07 1.74 ± 0.09 – – –
HD158643 1.07 ± 0.28 2.95 ± 0.07 2.75 ± 1.42 0.28 ± 0.29 0.75 ± 2.99 2.69 ± 12.1
HD163296 2.19 ± 0.05 3.16 ± 0.08 1.44 ± 0.08 – – –
HD169142 0.98 ± 0.17 3.05 ± 0.40 3.12 ± 1.17 0.28 ± 0.45 1.07 ± 3.04 3.84 ± 16.7
HD179218 24.0 ± 2.93 6.75 ± 1.95 0.28 ± 0.11 – – –
HD190073 1.55 ± 0.04 1.91 ± 0.05 1.23 ± 0.06 1.63 ± 0.15 2.02 ± 0.05 1.24 ± 0.23
HD259431 0.46 ± 0.02 0.51 ± 0.02 1.12 ± 0.11 – – –
R CrA 4.27 ± 0.10 4.80 ± 0.10 1.13 ± 0.06 – – –

Notes: The values listed are taken from Lazareff et al. (2017) and Gravity Collaboration et al. (2019) for the H-
and K-band, respectively.

3.4.3 On the SED RT Modeling

In this Section I am going to discuss in more details the SED RT modeling of HD 98922 pre-
sented in the manuscript, and the already known degeneracy solutions problem, encountered
also in this work. The goal of the modeling was to derive an estimate of the disk surface den-
sity in order to test the gravitational instability scenario through the Toomre parameter. The
degeneracy solutions issue was reduced by using the results obtained through the PIONIER and
GRAVITY data analysis. For example, even though the one component model of Hales et al.
(2014) does not fit well the photometric data once I account for the most update stellar parame-
ters (top left panel of Fig. 3.4), the model can again fit the data if I change the disk inner radius
from 1.5 to 2.5 au, and account for 25 % of carbon in the dust composition (Fig. 3.4, top right
plot). This model nonetheless is not consistent with the PIONIER emission detection as close
as 0.6 au, and it was eventually discarded.

Consequentially, the idea of a two components model was tested. However, by adding an inner
component, the number of possible solutions increases. Good fits can be obtained by tweak-
ing the masses of the two components and the transition location from the inner to the outer
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(a) Hales et al. (2014) model with new star parameters. (b) One component CS model with Rinner = 2.5 au.

(c) Two components CS model with Rtrans = 3.5 au. (d) Two components CS model with Rtrans = 5.5 au.

(e) Two components model with silicate inner one. (f) Two components model with QHPs inner one.

Figure 3.4: HD 98922 RT models. The black line represent the star black-body, the red line the
total (star+disk) model, the circle markers the literature photometric data. CS = carbon+silicate.
For a description of the models see Section 3.4.3.
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component, i.e. by varying the outer radius of the inner component and the inner radius of the
outer component, which I both set to overlap. Examples are the models shown in the center left
and center right plots of Fig. 3.4. The former accounts for a transition radius of 3.5 au, an inner
component mass of 3× 10−9 M⊙, and an outer component mass of 10−5 M⊙. The latter accounts
for a transition radius of 5.5 au, an inner component mass of 6 × 10−9 M⊙, and the same outer
component mass. Both lead to visually good fit of the photometric data.

Additionally, equally good solutions can be found with models accounting for different inner
component dust chemical composition. Carbon plus silicates models (Fig. 3.4, center plots),
pure silicates models (bottom left plot), and QHPs models (bottom right plot) were tested, all
with satisfactory fit. In order to discriminate between the models, I relied once again on the
PIONIER and GRAVITY data analysis results. Specifically on the PIONIER and GRAVITY
flux contribution estimates of the circumstellar environment. These values allowed to relatively
constrain the disk inner component mass and the transition radius. The best model, presented in
the manuscript and shown again in the center right plot of Fig. 3.4, accounts for an inner com-
ponent that is the most consistent in its flux contribution with both the PIONIER and GRAVITY
data analysis estimates.

3.4.4 On the Near-IR Excess Crescent-Like Feature

The HD 98922 PIONIER and GRAVITY data analysis suggested a crescent feature in orbital
motion around the central star, with a sub-Keplerian best fit orbital period of about 1 year. By
construction, the model fitted to the data results in a uniform circular motion, as it does not
take in consideration possible eccentricity of the orbit. To account for the latter, two additional
parameters should be added in the visibility continuum model, (α, β), the angular coordinates
in the sky of the ring/ellipsoid center with respect to the star, as an exponential term:

V(u, 3, λ) =
Fs + Fc Vc exp[2πi (uα + 3 β)]

Fs + Fh + Fc
. (3.1)

The parameters would reflect the eccentricity of the feature orbit if they do not correspond with
the central star position, fixed at (0,0). In this case we are assuming that the eccentricity is
constant in time, otherwise the number of additional parameters would be 2 multiplied by the
number of epochs of each data set (20 for PIONIER and 13 for GRAVITY). The eccentricity
of the crescent feature is not only interesting to assess so that a more accurate estimate of the
orbital period can be obtained, but also to obtain hints on the possible origin mechanism produc-
ing the feature itself. Indeed, Ragusa et al. (2017) have shown through gas and dust numerical
hydrodynamic simulations of a disk surrounding a binary system, that the interactions between
the binary and the disk can cause the development of an eccentric inner cavity in the disk itself.
Consequently, a crescent-like feature arise at the edge of the cavity in the gas density and in the
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Figure 3.5: HD 98922 K-band (left) and H-band (right) continuum model contrast depiction.

mm dust grain population, which orbits with velocities close to the local Keplerian ones. The
authors, therefore, suggest the scenario as a possible origin mechanism for asymmetric struc-
tures in transition disks. The asymmetric structures contrast (Cmax,min), the ratio between the
disk maximum and minimum brightness, is found to be proportional to the binary mass ratio q,
with a typical value of Cmax,min ≈ 5 when q = 0.1.

For the case of HD 98922, the PIONIER and GRAVITY data analysis suggest a feature with
a contrast between 1 and 3 for the H-band and between 2 and 10 for the K-band continuum
(see Fig. 3.5), values comparable with the results obtained by Ragusa et al. (2017). However,
three aspects seem to go in contrast to this scenario for the case of HD 98922. Firstly, the PIO-
NIER data analysis does not suggest the presence of an inner disk cavity, but rather a centrally
depressed continuum emission, as we can see in Fig 3.3. One explanation could be that the
cavity is smaller than the angular resolution of the observations, and therefore not possible to
constrain with the data available. The second contrasting point is the fact that the binary mass
ratio of q ≈ 0.1 would translate, knowing the HD 98922 primary star mass being 5 − 7 M⊙, in
a companion mass of 0.5 − 0.7 M⊙. Nevertheless, no clear sign of a companion is detected by
PIONIER and GRAVITY, and a binary+disk model did not give good fitting results (see Sec-
tion 5.3 of the manuscript). Lastly, the PIONIER and GRAVITY data analysis suggest a feature
with a sub-Keplerian orbital motion. If the orbit would follow the local Keplerian velocity, as
predicted by the Ragusa et al. (2017) model, the period would be ∼ 9 months, in contrast with
the 12 months period found.

Interestingly, a similar horseshoe-like feature was detected for HD 98922 by SINFONI in the
K-band (Caratti o Garatti et al. 2015), emission attributed by the authors to the disk scattered
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Figure 3.6: Intensity ratio image of two SINFONI K-band continuum images. The two images
were taken at a PA of 0◦ and 180◦. Image from Caratti o Garatti et al. (2015).

light. This circumstellar structure, shown in Fig. 3.6, is located at ∼ 90 mas from the star (or
∼ 60 au for d = 650.9 pc), and has a contrast of Cmax,min = 3. I support therefore the suggestion
of Caratti o Garatti et al. (2015) that the disk might have a similar morphology from ∼ 0.6 to
∼ 60 au. Additionally, SINFONI did not detected any companion between 40 and 520 au, and it
is intriguing the fact that the authors set a mass upper limit for the possible undetected compan-
ion of ∼ 0.5 M⊙. The asymmetric continuum was taken in consideration by the authors to create
a model in order to fit HD 98922 AMBER/VLTI interferometric Brγ-line data. A magneto-
centrifugally driven disk-wind model coupled with the asymmetric disk continuum was able to
reproduce all the interferometric observations. The wind would extend from ∼ 0.1 to ∼ 1 au,
with an opening angle of 30◦, which produce a mass loss rate of ∼ 2× 10−7 M⊙ yr−1. The model
was only tested for a single epoch data set. It would be interesting to test again the model,
accounting for the time-variable continuum asymmetry and the time-variable interferometric
Brγ-line data presented in this Chapter.
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Chapter 4

A New Companion in HD 52721

In this chapter I present a study on HD 52721. The work is not yet in its final form and only
a provisional manuscript is given in this thesis. Nonetheless, the results already obtained are
remarkable and worthy of a display. After additional analysis of the data and discussion, the
manuscript will be submitted to the A&A journal.

4.1 Science Case Overview

Multiple gravitationally bound stars with separation ≲ 0.1 pc are not unusual systems observed
in the sky. At least half of all the solar mass type stars have at least one companion, while
protostars and YSOs show a higher rate of multiplicity (see Offner et al. 2022, and reference
therein). Statistical studies have also shown that the rate of multiplicity and the number of com-
panions for a given system (or order of multiplicity) decrease monotonically with increasing
age, and increase likewise monotonically the more massive the primary star is (see Offner et al.
2022, and reference therein). Duchêne et al. (2013) suggested that the smooth variation of the
multiple stars systems’ key properties with the primary star mass, stems from a similar forma-
tion mechanism across all core masses. While the formation of single stars is generally well
understood, the multiple stars systems one is still a matter of debate. The formation models pro-
posed for multiple stars systems can be classified into three groups: fragmentation of a core or
filament, fragmentation of the circumstellar accretion disk, and dynamical capture. A depiction
of the models with observational and numerical simulation examples is given in Fig. 4.1. Each
formation scenario is expected to translate to distinctive multiple stars systems properties. For a
comprehensive review of the formation processes and stellar multiplicity in general, I refer the
reader to the work of Offner et al. (2022). Here I shortly summarize some information relevant
to introduce the work on HD 52721.

• The core/filament fragmentation scenario is thought to originate mainly from turbulence,
and consists in a gravitational instability that leads to two or more regions of the core/filament
to evolve and gravitationally collapse independently. Turbulence fragmentation leads to
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Figure 4.1: Multiple stars systems’ formation scenarios. For each scenario (column), the top
row depicts the model, the middle row shows an observational example, and the bottom row
shows a numerical simulation example. On the top row, ∆t and ∆L refer respectively to the
process temporal and length scale. Image from Offner et al. (2022). References. Middle row,
from left to right: (Pineda et al. 2015); (Kirk et al. 2017); (Reynolds et al. 2021); (Rodriguez
et al. 2018). Bottom row, from left to right: (Guszejnov et al. 2021); (Offner et al. 2016); (Bate
2018); (Muñoz et al. 2015).

the production of multiple stars systems with companions separations between 100 au
and 0.1 pc (Offner et al. 2022). Other mechanism are therefore required to explain close
separation companions. Moreover, numerical simulations predict that turbulence frag-
mentation can produce only two or three companions per core, characterized by similar
age since the process happens during the embedded phase (e.g., Lee et al. 2019; Offner
et al. 2016, 2022). Higher order multiplicity systems are nonetheless observed (e.g.,
HD 52721, Obolentseva et al. 2021).

• The circumstellar disk fragmentation scenario is thought to originate in the same way
spiral arms form in galaxies as proposed by Toomre (1964). This kind of gravitational
instability is favoured to happen in the outer regions of massive disks, as expressed by
the Toomre criterion for instability outbreak QT ≲ 1, since the Toomre parameter QT

commonly declines with radius. Moreover, numerical simulations of circumstellar disk
fragmentation have shown to favor the production of equal mass binaries (e.g., Ochi et al.
2005).
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• The dynamical capture scenario consists in the gravitationally bounding of two unbounded
single stars, of a single star and a multiple stars system, or two multiple stars systems.
Relevant in dense open clusters and globular clusters, this mechanism, as the previously
two mentioned, is not able to produce very close binaries ≲ 1 au (e.g., Wall et al. 2019).

The existence of very close binaries is thought to be caused by the inward migration of the com-
panions subsequently their formation, with migration and final orbit settling taking place before
the primordial cloud dissipates (see Offner et al. 2022, and reference therein). The migration is
thought to be produce by gas accretion into the primary star and the consequent dynamical fric-
tion torque, that removes angular momentum on the companion, decreasing therefore the major
axis of its orbit (e.g., Lee et al. 2019; Tokovinin et al. 2020). This dynamical evolution affects
the cirumstellar environment in many ways. For example, the circumstellar disks around single
stars are observed to be more massive and larger in radius than the one around primary stars
of multiple stars systems (e.g., Akeson et al. 2019; Manara et al. 2019). Additionally, the tidal
forces and truncation effects due to the companions presence and dynamical evolution, could
affect the circumstellar and the circumbinary disks morphologies (e.g., Kurtovic et al. 2018).

Multi-epoch astrometric observations of multiple stars systems are therefore of prime inter-
est, since they can give us information on their orbital properties, and therefore the separation
of the companions. Moreover, the determination of the orbital parameters allows us to obtain a
model-independent estimate of the dynamical mass of the system studied, where with dynami-
cal mass one refers to the sum of each companion mass, derived through the third Kepler’s Law,
knowing the orbit period, the orbit semi-major axis, and the distance of the system, since the or-
bit semi-major axis estimate is in unit of arcsec (e.g., GRAVITY Collaboration et al. 2021a). If
the orbit inclination is also known and radial velocity spectroscopic measurements are available,
then the mass of each companion can be derived (e.g., Prato et al. 2018). These kind of studies
are very influential on the theory of star formation and evolution. Indeed, nowadays, PMS stars
masses are generally extracted from the Hertzsprung-Russell (HR) diagram, by comparing the
positions of the stars in the latter with theoretical models of PMS stellar evolution (e.g., Baraffe
et al. 2015). Additionally, beside the accuracy of the models, the mass estimates through the
HR diagram are also affected by the precision of the required photometric measurements, and
by the estimate of the interstellar medium and atmospheric extinction. Therefore, multi-epoch
astrometric observations are nowadays one of the most reliable ways to estimate stellar masses.

In the light of the above remarks, I focused my last PhD project study on HD 52721. The
object has been observed to be a binary-binary system, two companions orbiting around each
other and at the same time orbiting at ∼ 350 au around the primary close binary stars, having
the latter a separation of ∼ 0.1 au (Obolentseva et al. 2021; Perryman et al. 1997; Pogodin et al.
2011). Even though no IR excess has been detected in the circumstellar environment (e.g., Sissa
et al. 2019), relating the stars to classical Be stars (Cauley et al. 2014), a significant amount of
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gas (Hα and Brγ) has been observed, from which a relevant mass accretion rate has been de-
rived (between 10−7 and 10−5 M⊙yr−1, Ababakr et al. 2016; Fairlamb et al. 2017; Grant et al.
2022). The stars are therefore generally considered Herbig Be stars (e.g., Vioque et al. 2018).

4.2 Goals of the Study

The goals of this work are to inquiry the multiple-stars system HD 52721 for interferometric
binarity on au scales, and to gain information on the dynamic of its Brγ-line emission. As I will
show, a new interferometric companion is detected. This result opens up new questions and
analysis directions, that will be addressed in the future, like estimating the system orbit and its
dynamical mass.

4.3 Approach, Steps, and Manuscript

The study is based on GRAVITY data, taken within the framework of the GTO YSO program.
They came in my possession already reduced and calibrated, processes done with the GRAVITY
data reduction software (Lapeyrere et al. 2014). As first author of a large cooperation article,
here I list the actions done from my side:

(i) In depth literature study on HD 52721 and binarity in YSOs, which allowed me to write
the Introduction Section of the manuscript.

(ii) Preliminary data analysis and calibration: 1) cleaning of the FT and SC data of outliers; 2)
application of a wavelength calibration on the SC data, based on the atmospheric telluric
lines position, radial velocity of the star, and the local standard of rest velocity; 3) visual
and quantitative examination of the FT and SC data. This allowed me to write the Data
Set Description Section of the manuscript.

(iii) Fit of the FT data for each epoch with emcee (Foreman-Mackey et al. 2013), through
parametric geometrical models described in Berger et al. (2007) and Lazareff et al. (2017),
in order to get information on possible circumstellar environment flux contribution, on
possible companions, and their potential time-variability. While a model that accounts a
single star and a ring is not able to reproduce the data, a binary model with no circumstellar
environment contribution (except for the halo) fits well the data for each epoch.

(iv) Inspection for degenerate fitting solutions by looking for possible local minima in the
parameters’ χ2 maps.

(v) Regarding the SC data, I fitted the squared visibilities with parametric geometrical models
in order to get an estimate of the emitting gas region size. Additionally, I calculated the
pure-line differential phases, and therefore, the pure-line photocenters shifts, from the
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total observed differential phases. I present more details of steps (iii), (iv), and (v) in the
Methodology Section of the manuscript.

(vi) Calculated the equivalent width of the Brγ-line, its luminosity, the accretion luminosity of
the system, and its mass accretion rate under the assumption of magnetospheric accretion,
to examine possible line time-variability and evaluate different origin mechanisms.

(vii) In combination of a literature study on topics relevant to the results obtained, the work
done in the steps above allowed me to write the Results and Discussion Section in the
manuscript, as well as the Abstract and the Summary.

(viii) All the images and Tables were produced by myself with Python and the matplotlib
package (Hunter 2007).

The approach, tools, equations, models, and additional data used to carry out the work are
properly referenced in the manuscript.
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ABSTRACT

Context. The properties and evolution of circumstellar environments in young stellar objects are one the keys to understand the still obscure
processes of planet formation. The situation is more complex in binary systems, in which the companions may dynamically influence their vicinity
and the stellar processes happening in those areas.
Aims. The goal of this work was to test the variability of HD 52721 at mas spatial scales in its continuum and in its Brγ-line gas emission.
Methods. Multi-epochs observations of HD 52721 on milliarcsecond scales were taken with GRAVITY/VLTI in the near-infrared at low (R∼ 20)
and high (R∼ 4000) spectral resolution, for a total observational period of 3 years. The interferometric visibilities were interpreted with geometrical
models to gain information on the continuum brightness distribution. High spectral resolution quantities (visibilities and differential phases) were
investigated to obtain information on the properties of the Brackett-γ (Brγ) line emitting region.
Results. HD 52721 is resolved by GRAVITY in all epochs except one, where the object is only marginally resolved. A simple binary model
can reproduce the low spectral resolution data for all the epochs suggesting the presence of an additional companion located at ∼ 5 au from the
primary. The marginally resolved data set hints that the companion follows an eccentric orbit. The gas region is spectrally resolved, but spatially
unresolved. The high spectral resolution data show a strongly variable Brγ spectrum, and complex time-dependent differential phase signals.
Conclusions. Thanks to interferometric GRAVITY data, we suggest an additional companion for HD 52721, making it a five star system. The
observations reinforce the already known significant time-variability of the Brγ-line emitting gas region. The complexity of the data however do
not allow to unravel the origin of the emission.

Key words. binaries: close – stars: pre-main sequence – stars: variables: Herbig Ae/Be – stars: individual: HD 52721 – techniques: high angular
resolution – techniques: interferometric

1. Introduction

Even though the multiplicity frequency in star systems estimated
to date is affected by biases, is it certain that binary systems are
not rare (Duchêne & Kraus 2013, and references therein). It is
then of prime interest to understand how tidal interactions affect
the circumstellar environment of young stars, the key stellar
processes like time-dependent accretion phenomena, and there-
fore the process of planet formation, yet mysterious. Moreover,
binary systems offer the unique opportunity to estimate model-
independent dynamical masses through the determination of the
orbital parameters (e.g., GRAVITY Collaboration et al. 2021),
which would give useful information on the stellar formation
and evolution processes.

In this work, we study HD 52721 (GU CMa, HIP 33868).
It is generally considered a Herbig Ae/Be star (Herbig 1960;
Alecian et al. 2013; Fairlamb et al. 2015; Reiter et al. 2018;
Vioque et al. 2018). It is the the brightest (V = 6.58, Ducati
2002) member of the low-mass stars cluster called the “GU
CMa cluster” made of relatively young stars (up to 10 Myr,
Gregorio-Hetem et al. 2009). The cluster (d = 531 ± 163 pc,
Fairlamb et al. 2015) is located away from the dense molecular

⋆ GRAVITY is developed in a collaboration by the Max Planck Insti-
tute for Extraterrestrial Physics, LESIA of Paris Observatory and IPAG
of Université Grenoble Alpes / CNRS, the Max Planck Institute for As-
tronomy, the University of Cologne, the Centro de Astrofísica e Gravi-
tação and the European Southern Observatory.

material area of the star formation region CMa R1 (Shevchenko
et al. 1999; Gregorio-Hetem et al. 2009), suggesting that star
formation processes already stopped in its close environment.
No evidence of an IR excess was found around HD 52721
(Hillenbrand et al. 1992; Sissa et al. 2019). Based on this fact,
Cauley & Johns-Krull (2014) suggested that HD 52721 may be a
classical Be star, since the system shows a very weak and broad
He I λ10830 (Cauley & Johns-Krull 2014; Reiter et al. 2018).
Beside He I, other gas emissions were observed. The system
shows a strong single-peaked Hα emission line (Ababakr et al.
2016), and a Brγ line in absorption (EW = 0.5± 2.8 Å, Fairlamb
et al. 2017), which was then dected as a large double-peaked
profile emission line (EW = −6.2 ± 0.8 Å, Grant et al. 2022).
Grant et al. (2022) suggested that the large EW variability
may be due to a change in the accretion rate of the object
(10−7 −10−5 M⊙ yr−1, Fairlamb et al. 2017, 2±2×10−6 M⊙ yr−1,
Grant et al. 2022), since continuum variability in Herbig Ae/Be
stars is typically less than 0.3 mag, 0.04 mag for HD 52721
(Davies et al. 1990; Doering & Meixner 2009).

HD 52721 is known to be a quadruple star system. The
first visual companion is located at ρ = 0.65 arcsec from the
primary, differing in magnitude by ∆ = 0.95 mag (Perryman
et al. 1997). The primary was then observed to be a spec-
troscopic eclipsing binary at a separation of 0.19 mas with
a period of 1.61 days (Pogodin et al. 2011). Additionally to
the spectroscopic companion, azimuthal circumstellar inho-
mogeneities were found in the circumstellar envelope, which
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rotate synchronously with the orbital motion of the binary
component stars (Pogodin et al. 2011; Beskrovnaya et al.
2013; Pavlovskiy et al. 2015; Pogodin et al. 2020). Finally, the
visual companion was resolved through speckle interferom-
etry and found to be two separate stars (Obolentseva et al. 2021).

We present in this work GRAVITY observations of HD 52721
taken during a period of 3 years, in order to test the variability
of the system at mas spatial scales in its continuum emission as
well as in its Brγ-line gas one. In Section 2 we give information
on the observations and describe the interferometric data; in
Section 3 a description of the methodology used to analyze the
data is given; Section 4 presents our results and in Section 5 we
summarize the main findings.

2. Dataset description

2.1. Observations

HD 52721 was observed with VLTI/GRAVITY (Gravity Collab-
oration et al. 2017) using the four 1.8 m Auxiliary Telescopes
(ATs) in 4 different epochs between 2018 and 2021. Data were
obtained through the large A0-G1-J2-J3 baseline configuration,
and through the medium D0-G2-J3-K0 baseline configuration.
The data consist in high spectral resolution (R≈ 4000) observ-
ables recorded by the science channel (SC) detector across the K
band with individual integration times of 30 s, as well as in low
spectral resolution (R≈ 20) observables recorded by the fringe
tracker (FT) detector (Lacour et al. 2019). The spatial frequency
ranges between about 15 Mλ to 65 Mλ with a maximal angular
resolution of λ/2B, 1.68 mas for the longest baseline of 132 m,
which corresponds to 0.89 au at the distance of the object. Each
observation block corresponds to 5 minutes on the object. In
total, 27 files were acquired. HD 52721 observations were pre-
ceded by the observation of a point-source calibration star, close
to our object on the sky, and of similar spectral type and bright-
ness in order to calibrate the atmospheric and instrumental trans-
fer function. Further details on the executed runs and observing
conditions are listed in Table 1.

2.2. Data reduction and calibration

The GRAVITY data were reduced and calibrated using the
GRAVITY data reduction software (Lapeyrere et al. 2014).
For the low-resolution FT data, we discarded the first spectral
channel, which might be affected by the metrology laser
operating at 1.908 µm. The FT calibrated squared visibilities,
closure phases, and the (u,3) plane coverage for each single
epoch can be found in Fig. A.1 (left, central, and right panel,
respectively). Following Gravity Collaboration et al. (2019) and
Gravity Collaboration et al. (2021), we applied a floor value on
the error bars of 2% for the squared visibilities and 1◦ on the
closure phases as the error bars computed by the pipeline might
be underestimated or correlated.

In Fig. A.2 are shown the high spectral resolution GRAV-
ITY data after zooming in the wavelength range of the Brγ
line between 2.162 and 2.170 µm. For each epoch, the data set
contains the spectrum, the calibrated squared visibilities, and
the calibrated differential phases (top, left, and right panels,
respectively). The observables for one epoch result from the
averaging of N individual block files as listed in the fifth column
of Table 1. The error bars used are the ones derived from
the reduction and calibration process and propagated through

the averaging process. These are on the order of 0.01% for
the spectrum, 0.02 for the squared visibilities, and 1◦ for the
differential phases.
The continuum-normalization of the GRAVITY science object
spectrum of each epoch was done by fitting the slope of the
raw spectrum and dividing the latter by the resulting fit. The
first step of the wavelength calibration was done by comparing
the observed wavelength positions of the telluric lines in the
HD 52721 spectrum for each epoch with respect to the positions
of the telluric lines present in the IR spectrum of the atmospheric
transmission above Cerro Pachon, generated using the ATRAN
modeling software (Lord 1992) accounting for 4.3 mm water
vapor column and 1.5 mm airmass column, available on the
Gemini Observatory website. The atmospheric transmission
spectrum was convolved by a Gaussian with FHWM of 6 Å to
have the same resolution as GRAVITY. The correction results
in a blue-shift between 1 and 6 Å depending on the epoch.
The HD 52721 spectrum was then corrected for the star radial
velocity (21.7 km/s) and its proper motion with respect to the
local standard of rest, with a value that depends on the epoch
of observations (between about −18 and 12 km/s). The same
corrections (telluric lines calibration, radial velocity correction,
and local standard of rest correction), were also applied on the
SC visibilities and differential phases for each epoch.

2.3. Continuum data overview

GRAVITY resolved HD 52721 in all epochs, except for the E2
observation where the system is only marginally resolved. Both
the medium and the large condifurations fully resolve the sys-
tem, with squared visibilities ranging between 0 and 1.0 depend-
ing on the spatial frequency. The visibilities observed in the E1
and E4 observations clearly show a sinusoidal shape, suggesting
a binary system. More complex is the signal observed in the E3
epoch. Strong closure phases signals are detected in all epochs
and for all baselines, except in the E2 observation where they
are null at all spatial frequencies. They range between −70◦ and
70◦ in the medium configuration E2 observation, and between
−100◦ and 100◦ in the large E1, and E4 ones. The data there-
fore clearly suggest an asymmetric brightness distribution in the
K band continuum.

2.4. Brγ-line data overview

As we see from the top panels in Fig. A.2 showing the spec-
trum of the system for each epoch, HD 52721 shows a highly
variable double-peaked Brγ emission line in its intensity and
shape. The continuum-normalized blueshifted-peak flux ranges
between 1.25 and 1.45 depending on the epoch, while the
redshifted-peak one ranges between 1.2 and 1.4, always weaker
than the blueshifted-peak except in E2. Considering the 3 Å error
on the GRAVITY spectral channel wavelength, the blueshifted-
peak’s position can be consider constant through the epochs at
our spectral resolution, while the redshifted-peak’s one clearly
varies going from 2.1666 to 2.1675 µm. Regarding the total
squared visibilities, they range between ≈ 0.2 and ≈ 1.0 depend-
ing on the epoch and baseline configurations. We note that for
some baselines in the E3 and E4 epochs the total squared visi-
bilities increase in the Brγ wavelength range with respect to the
visibility in the continuum range, meaning that the line-emitting
gas region is more compact than the continuum. For the other
baselines they appear to be spectrally flat with no clear signature
at 2.16612 µm, or too noisy to see a clear signature (E1). Finally,
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Table 1. Observation logs of the VLTI/GRAVITY HD 52721 observations

ID Date UT Configuration N Calibrator Seeing [′′] τ0 [ms] Airmass IDobs
E1 06-03-2018 2:45 A0-G1-J2-J3 8 HD 53244 0.66-1.60 1.8-4.1 1.16-1.42 0100.C-0278(F)
E2 18-03-2019 2:36 D0-G2-J3-K0 4 HD 67751 0.44-0.64 7.1-9.2 1.07-1.11 0102.C-0408(D)
E3 23-12-2020 4:54 D0-G2-J3-K0 4 HD 31464 0.51-1.20 3.9-7.8 1.03-1.04 106.212G.002
E4 09-02-2021 2:42 A0-G1-J2-J3 11 HD 53244 0.62-1.61 2.3-5.3 1.03-1.23 106.212G.003

Notes. The date format is day-month-year. N denotes the number files that have been recorded on the target.

the differential phases signals range between −20◦ and 10◦ and
have different shapes (flat, single-peaked, or S-shape) for the dif-
ferent epochs and baselines.

3. Methodology

3.1. Continuum: Low spectral resolution data

The properties of the spatially resolved continuum emission
were investigated with the help of the low spectral resolution
FT data. The squared visibility curve was modeled through
non-chromatic geometrical models accounting for two point-like
stars depicting a binary system and a scattered light component
(called halo), whose visibility following Berger & Segransan
(2007) is given by:

V(u, 3, λ) =
F⋆,1 + F⋆,2 exp[2πi (uα⋆,2 + 3 β⋆,2)]

F⋆,1 + F⋆,2 + FH
, (1)

where F⋆,1 is the flux contribution of the primary star, F⋆,2 the
secondary star one, FH the one of the halo, α⋆,2 and β⋆,2 the
position in the sky of the secondary star. FH is not a free pa-
rameter, but obtained according to FH = 1−F⋆,1−F⋆,2. The stars
are assumed to be unresolved at all baselines (visibility constant
and equal to 1), and the halo is assumed to be a fully resolved
emission component with a visibility of zero. Additionally, fol-
lowing the work of Lazareff et al. (2017), a model accounting a
point-like central star, a halo, and an azimuthally-modulated ring
representing the circumstellar environment was used, whose vis-
ibility is given by:

V(u, 3, λ) =
F⋆ + FR VR

F⋆ + FH + FR
, (2)

where FR is the flux contribution of the ring, and VR is its visi-
bility given by equation 9 of Lazareff et al. (2017). We refer to
the former work for more details on the azimuthally-modulated
ring model.

The model fitting consists in a first minimization proce-
dure with scipy.optimize.minimize using a Sequential
Least Squares Programming method to get an initial guess of
the free parameters, followed by a procedure based on a Markov
chain Monte Carlo (MCMC, Foreman-Mackey et al. 2013)
numerical approach, which is robust against trapping in local
minima. The errors on the reduced chi-squared χ2

r are calculated
considering the χ2

r as a stochastic variable following Gravity
Collaboration et al. (2021). The results of the GRAVITY FT
data analysis are shown in Section 4.1.

3.2. Gas: High spectral resolution data

To estimate the Brγ gas region size, kinematics, and displace-
ment with respect to the continuum emission from the GRAV-
ITY SC visibilites (V) and differential phases (ϕ), we extrapo-
lated the pure-line contribution (subscript L) from the observed

total quantities (line+continuum, subscript tot, where the contin-
uum accounts for the star, the disk, and the halo contributions),
following Weigelt et al. (2011) and Mendigutía et al. (2015):

F2
LV2

L = F2
totV

2
tot + F2

contV
2
cont − 2FtotVtotFcontVcont · cos ϕtot, (3)

sin ϕL = sin ϕtot
FtotVtot

FLVL
, (4)

where the F parameters refer to the flux contributions of each
component. The values for Fcont and Vcont are the averaged ones
at both sides of Brγ line (since the spectrum is continuum-
normalized Fcont = 1). Finally, we derived the wavelength-
dependent photocenter displacements along each baseline from
the pure-line differential phases following Lachaume (2003):

p =
−ϕL

2π
· λ

B
, (5)

where p is the projection on the baseline B of the 2D photocenter
vector with origin on the continuum photocenter of the system.
The results of the GRAVITY SC data analysis are shown in Sec-
tion 4.2.

4. Results and Discussion

4.1. A new binary companion

Of the two models discussed in Sect. 3.1, the fit of the FT data
to the binary model gave the best results in term of χ2, in which
both squared visibilities and closure phases are well fitted for all
epochs, suggesting a new companion in the HD 52721 system.
The single-star plus azimuthally-modulated ring model was
only able to reproduce the data observed in the E2 epoch, but
not the ones observed in the other three epochs, resulting in
χ2

r > 100. To have a better fit of the data and obtain information
on the stars’ temperatures we tried a chromatic binary model
that accounts for two additional free parameters, the spectral
indeces of both stars. The additional parameters did not improve
the fit of the data in terms of χ2 for E1, E2, and E3. A small
improvement was obtained for E4, however the spectral indeces
estimates have non-physical values (< −8). We therefore
conclude that the current data do not allow to estimate this
parameters.

We performed a wide scan range of the fitted parameters
to find convergence toward a global solution. The results of the
minimization are presented in Table 2, Fig. A.1, and Fig. B.1
for the best binary model. GRAVITY was not able to resolve
the spectroscopic eclipsing binary observed by Pogodin et al.
(2011). Therefore, for the rest of the paper we will treat the
spectroscopic binary as a single star-like object (referred as
primary star). We note that the primary star and the newly
detected companion show a relatively small variability in their
photospheric near-IR flux contribution through the epochs, with
the primary star having a contribution of ∼ 60 − 70%, and the

Article number, page 3 of 11

120



A&A proofs: manuscript no. output

Table 2. Binary model FT data best-fit solution

Epoch F⋆,1 F⋆,2 FH α⋆,2 β⋆,2 χ2
r

[%] [%] [%] [mas] [mas]
E1 59.2 ± 0.1 29.5 ± 0.1 11.3 ± 0.2 −9.712 ± 0.002 −2.438 ± 0.002 13.9 ± 1.3
E2 31.2+37.8

−21.2 67.8+21.2
−37.8 0.1 ± 0.1 −0.393+0.067

−0.184 −0.042+0.052
−0.057 0.6 ± 0.1

E3 69.2 ± 0.1 30.5 ± 0.1 0.3 ± 0.1 −5.806 ± 0.006 −5.454 ± 0.010 17.4 ± 5.4
E4 67.4 ± 0.1 28.1 ± 0.1 4.5 ± 0.1 −6.224 ± 0.003 −5.599 ± 0.002 4.8 ± 0.3

Notes. F⋆,1 is the flux contribution of the primary star, F⋆,2 the secondary star one, FH the one of the halo, α⋆,2 and β⋆,2 the position in the sky of
the secondary star. FH is not a free parameter, but obtained according to FH = 1−F⋆,1−F⋆,2. The error estimates, derived through the MCMC fitting
procedure, are given by the 16th and 84th percentiles of the samples in the MCMC marginalized distributions shown in Fig. B.1.

secondary having a contribution of ∼ 28 − 31% depending on
the epoch. The contribution of the scattered light is estimated
to be small, close to null for the medium E2 and E3 data sets,
∼ 10% for the E1 one, and ∼ 5% for the E4 one. We have to
remember however that these values are estimated through
data taken with medium and large baseline configurations, and
that for a reliable estimate of this parameter one requires small
baselines configurations (Setterholm et al. 2018), which are
not yet available for this object. Moreover, Gravity Collabo-
ration et al. (2023, in prep.) have shown that estimates of the
scattered light contribution made solely through large baseline
configuration data sets are not reliable. If the E1 epoch is not
considered, the variability of the primary star flux contribution
is significantly smaller, of the order of 2%. Nonetheless, the
visibility sinusoidal shape and the strong closure phases signals
observed at all baselines, coupled with the good fitting results
through a binary model, make a strong evidence for a newly
detected companion.

In Fig. 1 we can see visually how the position of the sec-
ondary star varies through the epochs with respect to the
primary one. The positions are well constrained as shown in Fig.
B.1 and Fig. B.2, where the absolute minima in the secondary
star position χ2-maps are well defined for each epoch. We note
the very close position of the two stars in E2. This is a direct
consequence of the interferometric quantities observed in this
epoch, i.e. squared visibilities close to 1 and null closure phases
signals, where the interferometer was not able to distinguish
the two stars. The secondary star position in E2 suggests a
significantly eccentric orbit. Two additional observations of
the object were taken after the beginning of this work with
GRAVITY, in February 7 2022 and February 14 2022, with
the medium and large baseline configuration, respectively.
The implementation of these epochs in the paper is planned
before its submission to the A&A journal. This will increase
the number of the secondary star positions with respect to the
primary through the epochs, with the goal of better constraining
the parameters of the system orbit through a fit of the data.

One could argue that the secondary star is a background
star not related to the primary. However, as we can see in Fig.
1, the relative position of the primary star after 1 year of proper
motion with respect to the secondary one would translate in
interferometric quantities different than the ones observed by
GRAVITY. It’s clear that if the two stars would not be related,
the interferometer would be able to resolve the system in E2,
which is not the case.

Fig. 1. Secondary star position with respect to the primary one through
the epochs, according to the model described in Sec. 4.1 and in Table 2.

4.2. The Brγ-line gas emission in HD 52721

We exploited the high-spectral resolution data of GRAVITY
in the Brγ region to constrain the spatial scale of the hot gas
emitting component, following the formalism in Sect. 4.2. Un-
fortunately, the resulting pure-line visibilities plotted in the left
plots of Fig.A.2 are of the order of unity for all the baselines for
the E2, E3, and E4 epochs. Considering the error bars in E1 we
can say that the gas region is spatially unresolved in all epochs.
Further information on the spatial and kinematics properties of
the gas component were obtained through the differential phase
signal. Typically, the differential phases provide information on
photocenter displacements along the baselines on angular scales
that can surpass the nominal resolution of the interferometer.
Figure A.2 shows the GRAVITY pure-line differential phases.
After removal of the continuum contribution, the signatures
show an amplitude in the differential phase ranging between
−50◦ and +50◦. The resulting deprojected photocenter shifts per
spectral channel, with reference frame fixed to the continuum
photocenter location, are shown in Fig. 2. The binarity hinted
by the FT data analysis makes the interpretation of the pure-line
photocenters not trivial. This is due to the fact that both the
primary and secondary stars could have Brγ-line emitting gas,
and the gas photocenters would give the barycenter of the two
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Fig. 2. Brγ pure-line photocenters shifts (colored circles) with respect
to the continuum photocenter (yellow square). The different colors of
the circles refer to the different gas velocities as in Fig. A.2. The black
circle around the continuum photocenter gives its error. The gray line
gives the direction connecting the two binary stars.

emissions. To understand better the situation we refer to Fig.
3, where three different scenarios are depicted. Each scenario
differs on the relative gas emission intensity of the two stars. The
gas photocenter, with reference frame fixed to the continuum
photocenter location, is closer to the star where the Brγ-line
emission is more intense, and it is clear that the photocenter
does not give the real spatial location of the gas. The case of
HD 52721 seen through GRAVITY is even more complex, since
as we see in Fig. 2, the gas photocenters are not alligned with
the direction connecting the two stars, but they show an almost
90◦ offset in their position angle in the E1, E2, and E3 data set.
The offset is null in the E4 data set.

Finally, it is our interest to quantify the variability shown
through the epochs by the Brγ-line spectrum. The line is a
common accretion tracer of circumstellar environment material
into the star (Grant et al. 2022, and references therein). It can
also give information on the kinematics of the gas closest to the
star, like infall accretion or outward wind (e.g., Muzerolle et al.
2001). In Fig. 4 are shown the HD 52721 wavelength-calibrated
and continuum-normalized GRAVITY Brγ-line spectra from
our 4 observations. From the equivalent widths (EWs), listed
in Table 3, and the 2MASS K-band magnitude of the object
(mK = 6.038 mag, Cutri et al. 2003), we derived the line lumi-
nosity for each epoch as follows. The EWs listed are the ones
corrected for both the underlying photospheric absorption, and
the presence of any excess continuum emission. The correction
was calculated by Grant et al. (2022) for HD 52721 to be ∼ 1 Å.
Therefore, we derived the flux of the line, FBrγ, by multiplying
EWcorr

Brγ with the continuum flux at the center of the line given by:

Fcont = F0,K10−0.4(mK−0.1AV), (6)

where F0,K is the flux in the K-band of a mK = 0 star
(4.28 × 10−11 erg/s/cm2/Å, Rodrigo & Solano 2020), and
AV = 0.8 (Grant et al. 2022). The fluxes were then con-

Fig. 3. Effect of different gas emission ratios in a binary system on the
gas photocenter position (purple square) with respect to the continuum
photocenter (yellow circle). The primary star (orange) has a higher con-
tinuum flux contribution than the secondary (cyan). The purple circles
around the stars refer to their gas regions, larger for stronger emission.

Fig. 4. HD 52721 wavelength-calibrated and continuum-normalized
Brγ-line GRAVITY spectra for the different epochs.

verted into the line luminosity, LBrγ, using the distance of our
object (d = 531 ± 163, Fairlamb et al. 2015). Finally, follow-
ing Fairlamb et al. (2017), we derived the accretion luminosities:

log10

(
Lacc

L⊙

)
= (1.30 ± 0.09) log10

(
LBrγ

L⊙

)
+ (4.46 ± 0.23), (7)

which were converted to the mass accretion rates:

Ṁacc =
R⋆Lacc

M⋆G
, (8)

with R⋆ = 5.7±1.7 R⊙ radius of the star, and M⋆ = 9.5±6.8 M⊙
mass of the star, both from Fairlamb et al. (2015). Unfortunately,
the uncertainties on the quantities are large, due to the large un-
certainties on the distance, on the mass, and on the radius of the
object, and only speculations on the origin of the emission can
be made. It is clear however the variability in EW and shape of
the Brγ-line, going from a strong almost single-peaked line in
E1, to a clear and strong double-peaked line in November 19
2018 (Grant et al. 2022), to a weaker double-peaked line in E2,
in which the read peak gets broader and stronger than the blue
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Table 3. Brγ-line properties

Epoch EWcorr
Brγ LBrγ Lacc Ṁacc

[Å] [10−2 L⊙] [L⊙] [10−8 M⊙/yr]
E1 −8.10 ± 0.57 1.3 ± 0.8 98 ± 79 1.9 ± 1.9
E2 −6.08 ± 0.41 0.9 ± 0.6 68 ± 54 1.3 ± 1.3
E3 −4.48 ± 0.27 0.7 ± 0.4 45 ± 37 0.9 ± 0.9
E4 −4.59 ± 0.14 0.7 ± 0.4 47 ± 38 0.9 ± 0.9

Notes. With EWcorr
Brγ we refer to the observed EW corrected for the star

photospheric absorption and the excess continuum emission. This re-
sults in a EWcorr

Brγ which is larger than 1 Å in absolute value (Grant et al.
2022) with respect to the observed EW.

one, and finally into a line shape which seems to go close to a
single peak profile in E3 and E4, with the red peak being again
weaker than the blue one. The additional GRAVITY observa-
tions mentioned earlier, and possible future observations, could
help us to check if the change in line shape is cyclical and related
to the orbit of the newly detected interferometric binary.

5. Summary

In this work, we report a study of the multi-objects system
HD 52721, using new near-infrared interferometric data ob-
tained with VLTI/GRAVITY. Here we summarize our results:

– GRAVITY resolved the system in all epochs except E2,
where it is only marginally resolved with no CP signals de-
tected. The Vis2 show a clear sinusoidal shape, characteristic
of a binary system.

– A simple geometrical binary model can reproduce well the
data, suggesting a fifth companion in HD 52721 located at
∼ 5 au. The position of the companion in E2 suggests an
eccentric orbit.

– The Brγ-line is strongly variable in EW and line-shape, go-
ing from single-peaked to double-peaked. The two peaks
also vary in intensity; notably, the red peak gets broader and
stronger than the blue one in E2.

– The gas photocenters, derived from the pure-line differential
phases, are located close to the continuum photocenter, and
their interpretation is not trivial. Their positions vary through
the epochs, and show a ∼ 90◦ offset with the direction con-
necting the two companions. The offset is null in E4.

The implementation of the new GRAVITY observations, and
possible future ones, will allow us to better estimate the orbit
of the system by increasing the number of the companion posi-
tions through time. Moreover, it will be interesting to check if
the Brγ-line shape variability is related with the position of the
newly detected companion.
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Appendix A: GRAVITY Data

In this Section are shown the GRAVITY FT data (Fig. A.1) and
SC data (Fig. A.2). The residual of the binary model fit to the FT
data are also shown in Fig. A.1. In Fig. A.2 the pure-line visibil-
ities and differential phases are likewise presented.

Appendix B: FT data binary model fit corner plots
and χ2-maps

In this Section are shown the MCMC marginal posterior distri-
butions for the FT data binary model fit and the secondary star
position parameters’ χ2-maps.
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Fig. A.1. HD 52721 GRAVITY FT data, squared visibilities, closure phases, and (u,3) plan coverage for each epoch. Colors referees to the different
GRAVITY spectral channels. Gray crosses represent the model described in Section 3.1, and Table 2. Gray circles in the bottom plots show the
residuals of the binary model fit described in Section 3.1.
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Fig. A.2. HD 52721 GRAVITY SC data for the different epochs. For each epoch, top plots show the wavelength-calibrated and continuum-
normalized spectrum, left plots show the total squared visibilities, and right plots show the total differential phases. Circles represent the pure-line
quantities. Colors refers to the different baselines.
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Fig. B.1. MCMC marginal posterior distributions for the FT data binary model fit for each of the four epochs (from top to bottom and from left
to right: E1, E2, E3, E4). The blue lines give the 50th percentile of the samples in the MCMC marginalized distributions, while the dashed black
lines give the 16th and 84th percentiles.
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Fig. B.2. Secondary star position parameters’ χ2-maps of each epoch for the best value of flux ratios (see Table 2). The white circle marker
represents the smallest χ2. The grey line refer to the χ2 error calculated following Gravity Collaboration et al. (2021), and represent the absolute
minima error.
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4.4 Comments

4.4.1 On the Stellar Photospheric Absorption Correction

The HD 52721 SC visibilities and differential phases analysis presented in the manuscript,
does not take into account the stellar photospheric absorption feature. As mentioned in the
manuscript, the photospheric absorption correction for HD 52721 was estimated by Grant et al.
(2022), and led to an increase of the EWBrγ by ∼ 1 Å. The correction would likely affect also
the estimate of the pure-line visibilities and differential phases. However the case of HD 52721
is not simple as the ones of HD 141569 and HD 98922, both of them being single star systems.
Since HD 52721 is a multiple stars one, each companion could have a distinctive Brγ-line emit-
ting gas region. Moreover, it is not certain that the companions have the same stellar properties,
and therefore they could have stellar photospheric absorption features which differ in intensity
and shape. Thus, the above ∼ 1 Å correction, estimated under the simplification of a single star
system, could be underestimated.

In order to assess the impact of the stellar photospheric absorption feature correction on the es-
timates of the pure-line visibilities and differential phases, in Fig. 4.2 I compare these quantities
derived in three different scenarios, for the 19 March 2019 epoch of the HD 98922 GRAVITY
data set. The scenario “A” is the case shown in the HD 98922 manuscript, in which the photo-
spheric absorption profile at the line wavelength rest position is α= 0.84. In scenario “B”, the
photospheric absorption profile is constant (no wavelength dependence) and equal to α= 0.4.
Finally, in scenario “C”, no photospheric absorption correction is accounted (α= 1). In this last
case, I remark that the pure-line visibilities and differential phases derivation does not depend on
the flux contribution of the environment, as one can see from Eq. 4 of the HD 98922 manuscript
(the β and γ parameters get simplified out). From this test, it results that the stronger the stellar
photospheric absorption (lower values of α), the more close to unity are the pure-line squared
visibilities, resulting in a more compact gas region size. The gas region radius estimate goes
from 0.59 mas when α= 1, to 0.54 mas when α= 0.84, and finally to 0.46 mas when α= 0.4.
Additionally, when α decreases, the pure-line differential phases get smaller, translating in gas
photocenters shifts (left plots of Fig. 4.2) less distant to the continuum photocenters. Taking
in consideration the spectral channel closest to 2.16612 µm, the separation goes from 0.26 mas
when α= 1, to 0.21 mas when α= 0.84, and to 0.14 mas when α= 0.4. I note that the position
angle estimates of the gas photocenters shifts are not affected by the photospheric absorption
correction, since the correction is equally applied to each baseline. To conclude, the correction
is necessary to take into account when a precise measurement of the gas photocenters shifts is
required, and/or when the stellar photospheric absorption is significantly strong. For the case of
HD 52721, I regard the correction as not vital, since a change of ≲ 0.1 mas in the gas region size
estimate and in the gas photocenters shifts separations does not change the system’s gas picture
depicted in the manuscript.
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Figure 4.2: HD 98922 19 March 2019 epoch data set and pure-line quantities (left: visibilities
and differential phases; right: photocenters shifts) for three different stellar photospheric ab-
sorption feature. These are identified by the letters: “A” where α= 0.84; “B” where α= 0.4;
and “C” where α= 1.0 (no absorption feature).

130



4.4 Comments

4.4.2 On the Impact of Distance Estimates

The distance from Earth of the celestial objects we observe and study, is a key parameter for
data analysis and for creating theoretical models of their formation and evolution. Reliable
distance measurements of a large sample of stars were available only after the first space as-
trometry mission named “Hipparcos”, launched by ESA in 1989 (Perryman et al. 1997). The
satellite allowed to observe the entire celestial sphere and to avoid the atmosphere perturbing
effects, reaching a precision of ∼ 1 mas for a total of ∼ 120 000 stars. With the advent of the
new generation mission “Gaia”, launched by ESA in 2013, distance measurements of 1.468
billion sources were obtained (Gaia Collaboration et al. 2021). The new satellite observed ob-
jects ∼ 100 times further than the furthest source observed by Hipparcos with a precision of
∼ 0.01 mas, setting a new standard for such measurements.

The first aspect related to distance and relevant for this thesis, is the relation between the angular
sizes and the linear ones, relation given by the simple trigonometry equation:

θ ≈ sin θ ≈ tan θ = l/d, (4.1)

where θ is the angular size of the object observed, l is its linear size, d is its distance from the
observer, and where the approximations translate in a relative error of ≲ 1 % when θ ≲ 10◦.
Since in astronomy the angular size of objects is often only a few arcsec (a few mas for the
innermost regions of YSOs), the approximation is appropriate. The linear size is therefore di-
rectly proportional to the distance of the object. Thus, reliable distance measurements are of
significant importance for an accurate depiction of the systems observed. An example pertinent
to this thesis, is the fact that different distance values can lead to spatially locate the detection of
near-IR excess emission inside or outside the sublimation radius of the system observed, with
consequences on the chemical properties of the emitting dust and/or on the optical properties of
the innermost gaseous component (see Section 1.2.5). With regard to the gas, different distance
values can hint at different gas emission mechanisms. Indeed, for example, it is known from
magnetospheric accretion theory that the truncation of the accreting disk within the co-rotation
radius, where the gas angular velocity is equal to the one of the star (Bouvier 2013), is a neces-
sary condition for the formation of stable accreting funnels (Romanova et al. 2016). Detecting
emission lines arising from gas located inside or outside the co-rotation radius would respec-
tively favor or disfavor the magnetospheric accretion scenario as origin of the emission. Such
a case was encountered in the work by Gravity Collaboration et al. (2023) for AS 353, with
literature distance estimates going from 150 pc to 450 pc, leading to different interpretations of
the system.

Lastly, but not for importance, by estimating the distance of a star, one can derive also an
estimate of its evolutionary stage. The latter estimate is done by comparing the position in the
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HR-diagram of the observed object with theoretical isochrones and evolutionary tracks (e.g.,
Bressan et al. 2012; Guzmán-Diaz et al. 2021). Different values may therefore lead to spuri-
ous stellar classifications, with mischievous implications on statistical studies and stellar evo-
lution theory. One such case is HD 98922 itself. With literature distance estimates ranging
from ∼ 450 pc (Caratti o Garatti et al. 2015) to ∼ 1150 pc (van Leeuwen 2007), the estimates
of HD 98922 parameters in the years have been ambiguous. Based on the Hypparcos measure-
ment (∼ 1150 pc) and on the work of Hales et al. (2014), in conjunction with the fact that the
object is fairly isolated, being the closest star-forming region, the Carina Nebula, about 7◦ apart
(Dame et al. 2001), Lee et al. (2016) suggested that the star may be already in the post-main
sequence phase, likely a luminosity class II bright giant. The latest Gaia EDR3 measurement
of 650.9 ± 8.8 pc, used in Chapter 3, is instead consistent with the general view of HD 98922
as Herbig star (e.g., Guzmán-Diaz et al. 2021). Regarding HD 52721, no Gaia measurement
is available. Also for this object, the literature distance estimates greatly range, between the
latest value of 531 ± 163 pc (Fairlamb et al. 2015), used in this Chapter and that was derived
by the authors through X-shooter and optical data analysis, and 1050 ± 150 pc (Shevchenko
et al. 1999), derived by the authors through HR-diagram evolutionary tracks fitting to the appar-
ent stellar luminosity of the system, obtained from its spectral classification. While the former
value is consistent with the view of HD 52721 as Herbig star, the latter authors, based on the
latter distance estimate, suggested that HD 52721 may be a classical Be star. A more reliable
distance estimate would be therefore needed.
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Chapter 5

Summary and Conclusions

With this monograph, I presented my almost 4 years-long work as PhD student at the University
of Köln, Germany. The goal of the project was firstly to acquire the competence and mindset to
be a proper science researcher, and the up-to-date knowledge on the subject studied; secondly,
to advance the state-of-the-art with regard to YSOs and their innermost circumstellar environ-
ment. Three different Herbig stars, each one of them being a benchmark for various open-ended
questions on YSOs, were investigated through near-IR interferometry. The latter is nowadays
the only technique to achieve the mas resolution needed to obtain information about the first as-
tronomical units around the central star on sub-au scales, considering that the distance of such
objects range from ∼ 100 to ≳ 500 pc.

Through the analysis of HD 141569 GRAVITY data, we showed that stars having a transitional
disk can still bear near-IR emitting hot dust as close as 1 au. This was generally considered not
the case, mainly based on results obtained through SED analysis and model fitting. For this
reason, the circumstellar disks evolution theory regards transitional disks as an evolutionary
stage in which the disk is depleted of its material from inside out, evolutionary stage between
the young proto-planetary disk and the old debris disk one (see Section 2.1). The detection of
hot dust in the supposedly vacant inner gap, raises new questions which here lack explanations.
Specifically, on the origin of this second generation dust and/or the survival of primordial ma-
terial, despite the relatively old age of the system (∼ 7 Myr for HD 141569).

The same question can be posed on the detected Brγ-line emitting gas. Although we tested,
with good results, the stellar radiation heating mechanism of a gaseous disk in Keplerian rota-
tion as the origin of the HD 141569 Brγ-line emission, the gas presence is not yet rationalized.
Additionally, while the magneto-spheric accretion mechanism is ruled out as the major con-
tributor for the Brγ-line emission, due to the fact that the magnetic field in HD 141569 was
never detected, and even though the star radiated Keplerian gaseous disk can explain the ob-
servations, a star/disk wind scenario cannot be ruled out. Indeed, the latter can produce also
a double-peaked line profile (e.g., Tambovtseva et al. 2016). Testing a wind model would be
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required to check the validity of this scenario in HD 141569. The fact that the magneto-spheric
accretion scenario is not suitable for Herbig stars was also hinted by the study of HD 98922.
Indeed, we showed that in this system the Brγ-line emitting gas region spatially extends farther
than the system co-rotation radius, the opposite being a condition for magneto-spheric accretion
to happen (Romanova et al. 2016).

For the first time, we observed a Brγ-line emitting gas which strongly varies its peak emis-
sion spatial location with respect to the star, following at first order the orbital motion of a
crescent feature in the H- and K-band continuum. While asymmetric features were already
been observed at all scales in YSOs disks, from their innermost to their outermost regions, their
variability has never been studied with such details and with such long time coverage as we
did in Chapter 3. From this study, numerous questions arose, with some of them already posed
in the past and some of them being new. The cause of the asymmetric features, which hint to
dust traps, is still a matter of debate. While we tested the gravitational instability scenario, with
inconsistent results for the case of HD 98922, it’s difficult to discriminate between the compet-
ing scenarios suggested. The vortex scenario is one of them being worthy of attention. It was
tested, for example, with good results to explain the asymmetric L-band continuum emission
of HD 163296 as seen by VLTI/MATISSE (Varga et al. 2021). Multi-band observations could
help in this sense, similarly to the case of Oph IRS 48, for which mm and µm observations were
analysed in combination, leading to the first observation of a dust trap in a vortex (van der Marel
et al. 2013).

Related to the asymmetric continuum, is the question on why the crescent feature observed
in HD 98922 orbits at sub-Keplerian velocity. A scenario suggested to explain sub-Keplerian
orbiting features is the so-called “traffic-jam” scenario (Ataiee et al. 2013; Ragusa et al. 2020).
In the latter, the presence of a companion makes the disk eccentric, with the eccentricity de-
creasing going farther from the central star, so that it causes orbits clustering. An over-density
located at the apocenter of the gas elliptical orbit is created, which slowly precess at the same
rate as the pericenter longitude of the gas orbits. However this scenario produces features that
do not orbit, but are rather still (moving on time scales of hundreds of binary orbits). It would
be interesting to test a vortex model in combination with the presence of a companion, which
could supposedly slow down the vortex to sub-Keplerian velocities.

Once again, we detected hot dust inside the sublimation radius of a YSO disk. While it is
true that the sublimation radius estimate is based on many assumptions, we cannot rule out that
this scenario takes place. Although there are two suggested explanations, refractory dust grains
and/or an optically thick gas region, both of them are not yet validated. In this regard, it would
be interesting to test for HD 98922 a RT model that accounts a disk inner component made by a
certain percentage of refractory dust grains. Corundum is one of such material that was shown
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to resist high temperatures (e.g., Kama et al. 2009).

A new interferometric companion was discovered in the quadruple Herbig stars system HD 52721.
The companion is located at around 5 au, suggesting disk fragmentation as its origin, even
though binary formation theory is still a matter of debate. The system belongs to the minority
group of Herbig stars having close companions, group that accounts between 10 and 30 % of
all Herbig stars (see Offner et al. 2022, and references therein). It is important to remind that
no Hipparcos and Gaia distance measurements are available for HD 52721. An effort in this
sense has to be maid in order to properly assess the YSO nature of the system, since no IR
excess has been detected from its circumstellar environment. Finally, thanks to the GRAVITY
multi-epoch astrometric observations it will be possible to obtain information on the orbital pa-
rameters. These will give a unique opportunity to obtain a model-independent dynamical mass
estimate of the system. Therefore, radial velocity spectroscopic observations would be the next
relevant step.

To conclude, I had the chance to access during my PhD the data from one of the most advanced
infrared instruments available to the community to study PMS stars at the highest angular res-
olution. Thanks to it, I could achieve a number of relevant steps towards the comprehension
of the intrinsic properties of YSOs, including for aspects related to stellar multiplicity. As ex-
pected, many aspects require further investigation, which will hopefully become possible in the
near future. For instance, a short term objective would be the observation of HD 98922 with
MATISSE at the VLTI in the mid-IR to further explore the change in surface density detected
in the disk. In the longer term, the recently launched telescope JWST will certainly add unique
new insight to the topic of PMS stars and planet formation. A new window of opportunity will
come up with the Square Kilometer Array and the Next Generation Very Large Array over the
next decades. I see with enthusiasm the future perspectives that will be offered in this field.
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