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ABSTRACT

Context. T Tauri stars are low-mass young stars whose disks provide the setting for planet formation, which is one of the most funda-
mental processes in astronomy. Yet the mechanisms of this are still poorly understood. SU Aurigae is a widely studied T Tauri star and
here we present original state-of-the-art interferometric observations with better uv and baseline coverage than previous studies.
Aims. We aim to investigate the characteristics of the circumstellar material around SU Aur, and constrain the disk geometry, compo-
sition and inner dust rim structure.

Methods. The MIRC-X instrument at CHARA is a six-telescope optical beam combiner offering baselines up to 331 m. We undertook
image reconstruction for model-independent analysis, and fitted geometric models such as Gaussian and ring distributions. Addition-
ally, the fitting of radiative transfer models constrained the physical parameters of the disk.

Results. Image reconstruction reveals a highly inclined disk with a slight asymmetry consistent with inclination effects obscur-
ing the inner disk rim through absorption of incident star light on the near side and thermal re-emission/scattering of the far side.
Geometric models find that the underlying brightness distribution is best modelled as a Gaussian with a Full-Width Half-Maximum
of 1.53 + 0.01 mas at an inclination of 56.9 + 0.4° and a minor axis position angle of 55.9 + 0.5°. Radiative transfer modelling shows
a flared disk with an inner radius at 0.16 au which implies a grain size of 0.14 um assuming astronomical silicates and a scale height
of 9.0au at 100 au. In agreement with the literature, only the dusty disk wind successfully accounts for the near infrared excess by
introducing dust above the mid-plane.

Conclusions. Our results confirm and provide better constraints than previous inner disk studies of SU Aurigae. We confirm the pres-
ence of a dusty disk wind in the cicumstellar environment, the strength of which is enhanced by a late infall event which also causes
very strong misalignments between the inner and outer disks.
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1. Introduction

Outflows from protoplanetary systems are one of the key mass-
loss mechanisms during the planet formation process. They
remove both excess mass and angular momentum from the sys-
tem, which is a crucial process as the final masses and rotation
rates of stars are known to be significantly less than the initial
mass of protostellar cores.

Within young stellar objects (YSOs), there are several differ-
ent mechanisms of outflow. Firstly, accretion and magnetospheri-
cally driven jets can emerge from the poles of the star. Secondly,
photoevaporative winds caused by the ultra-violet (UV) disas-
sociation of molecules in the upper layers of the outer disk
can cause significant mass-loss. Such photoevaporative winds
are usually associated with higher-mass, hotter objects such as
Herbig Ae/Be stars. Finally, magnetospherically driven dusty
disk winds can originate from the inner disk whereby mate-
rial is lifted from the disk plane along inclined magnetic field

*Reduced data are available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/678/A6

lines. Magnetospheric winds require the presence of a strong
magnetic field, usually associated with T Tauri stars with con-
vective envelopes rather than fully radiative interiors. This allows
for optically thick material to exist close enough to the central
star to contribute to the NIR emission exterior to the main disk
structure. This model has been shown to successfully account
for the NIR excess of the spectral energy distribution (SED) and
the basic visibility features of AB Aur, MWC 275, and RY Tau
(Konigl & Salmeron 2011; Petrov et al. 2019). While all of these
mechanisms have been observed, it is not fully understood why
some YSOs only appear to exhibit a sub-selection of outflow
mechanisms. One of the first stars observed to have an inner
dusty disk wind was the T Tauri star SU Aurigae (Petrov et al.
2019).

For a full description of the literature regarding SU Aurigae
and the basic stellar properties, readers can refer to the pre-
vious paper by us (Labdon et al. 2019, henceforth LA19). In
this previous work, we studied the circumstellar environment
of SU Aur using interferometric observations from the centre
for high angular resolution astronomy (CHARA) and Palomar
testbed interferometer (PTI). The disk was found to be inclined at
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Table 1. Observing log from 2018 from the CHARA/MIRC-X interferometer.

Date Beam combiner Stations Pointings Calibrator (UD [mas])
2018-09-13 CHARA/MIRC-X SI1-S2-E1-E2-W1-W2 2 HD 34499 (0.256 + 0.007)
2018-09-16 CHARA/MIRC-X S1-S2-E1-E2-W1-W2 1 HD 28855 (0.303 = 0.008)
2018-09-17 CHARA/MIRC-X S1-S2-E1-W1-W2 2 HD 40280 (0.599 + 0.051)
2018-10-26 CHARA/MIRC-X SI1-S2-E1-E2-W1-W2 6 BD+31 600 (0.391 +£ 0.011),

BD+44 1267 (0.317 + 0.008),
BD+43 1350 (0.318 + 0.008),
HD 28855 (0.303 + 0.008)

Notes. All uniform disk (UD) diameters quoted obtained from Bourgés et al. (2014).

51.2+1.2° with a position angle of 61.0 + 1.0° and was best mod-
elled with a ring-like geometry with a radius of 0.17 + 0.02 au.
Additionally, radiative transfer modelling of visibilities and the
spectral energy distribution (SED) allowed us to find that the
NIR excess could only be reproduced in the presence of a dusty
disk wind, where material is lifted from the disk along mag-
netic field lines allowing the reprocessing of additional stellar
radiation.

Since the publication of LA19, additional relevant pieces of
literature have been published. Spectroscopic and photometric
monitoring of SU Aur by Petrov et al. (2019) has revealed that a
dusty disk wind is the potential source of the photometric vari-
ability in both SU Aur and RY Tau at visible wavelengths. The
characteristic time of change in the disk wind outflow velocity
and the stellar brightness indicates that the obscuring dust is
located close to the sublimation rim of the disk, in agreement
with previous theoretical disk wind models (Bans & Konigl
2012; Konigl & Salmeron 2011). Recent Atacama Large
Millimeter/submillimeter ~Array (ALMA) and spectro-
polarimetic high contrast imager for exoplanets research
(SPHERE) observations by Ginski et al. (2021) have revealed a
significant disk warp between the inner and out disks of ~70°.
This misalignment is shown to cause large shadows on the outer
disk as it blocks light from the central star. Their observations
also suggest that SU Aur is currently undergoing a late infall
event with significant amounts of material falling inwards
from the outermost regions of the disk. Such events have the
opportunity to significantly impact the evolution of the disk.

This paper presents one of the first six-telescope optical inter-
ferometric studies of a YSO to date utilising state-of-the-art
observations covering a wider range of baseline position angles
and lengths (up to 331 m) (other firsts include Kraus et al. 2020;
Davies et al. 2022). Three different modelling methodologies
were used to interpret our data and to provide direct compar-
isons to LA19. Firstly, Image reconstruction was used to obtain
a model-independent representation of the data and to derive
the basic object morphology. Secondly, following this geometric
model fitting allowed us to gain an appreciation of the viewing
geometry of the disk by fitting Gaussian and ring models to the
data. In addition, more complex geometric modelling was used
to explore the chromaticity of the data. Finally, we combine inter-
ferometry and photometry to derive physical parameters with
radiative transfer analysis, where our focus was on confirming
the presence of a dusty disk wind.

2. Observations

The CHARA array is a Y-shaped interferometric facility that
comprises six lm telescopes. It is located at the Mount
Wilson Observatory, California, and offers operational baselines
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Fig. 1. Coverage of the uv plane of the interferometric MIRC-X obser-
vations obtained with the CHARA array.

between 34 and 331 m (ten Brummelaar et al. 2005). The
Michigan InfraRed Combiner-eXeter (MIRC-X) instrument
(Anugu et al. 2020; Kraus et al. 2018), a six-telescope beam
combiner, was used to obtain observations in the near-infrared
H-band (4 = 1.63 pm, A1 = 0.35 um) between September and
October 2018. We obtained 11 independent pointings of SU Aur,
using a mixture of 5 and 6-telescope configurations due to the
short delay line limitations of CHARA. We obtained a maxi-
mum physical baseline of 331 m corresponding to a resolution
of 1/(2B) = 0.70 mas [milliarcseconds], where A is the observ-
ing wavelength and B is the projected baseline. Details of our
observations and the calibrator(s) observed for the target dur-
ing each observing session are summarised in Table 1. The
uv plane coverage that we achieved for the target is displayed in
Fig. 1. Our data covers an exceptionally wide range of baseline
lengths and position angles, making the data ideally suited for
image reconstruction.

The MIRC-X data were reduced using the standard
Python pipeline developed at the University of Michigan by
(J.B. le Bouquin, N. Anugu, T. Gardner). The measured visi-
bilities and closure phases were calibrated using interferometric
calibrator stars observed alongside the target. Their adopted uni-
form diameters (UDs) were obtained from SearchCal (Bonneau
et al. 2006, 2011), and are listed in Table 1.

Considering the short timescale over which the observa-
tions were taken, the effect of time dependencies/variability of
the object is considered minimal. However, care was taken to
check for time dependencies in the visibilities of baselines of
similar length and position angle. Variability in the H band is
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Fig. 2. Visibilities and closure phases of the image reconstruction. Black triangles with error bars are the original calibrated observables (squared
visibilities on the left and closure phases on the right), over-plotted as blue markers are the model observables of the reconstructed image. Below
each plot are the fit residuals normalised by the standard deviation as black circles.

known to be minimal, so any time dependencies in the visibil-
ity amplitudes are likely geometric. However, no significant time
dependencies were discovered.

3. Image reconstruction

Image reconstruction techniques require broad and roughly cir-
cular uv coverage along as many baseline lengths as possible.
Fortunately, the data from these observations lends itself to
this process as the uv plane has been well sampled, though
some small gaps remain in the position angle coverage. This
technique is useful for the interpretation of non-zero closure
phases, indicative of asymmetric distributions, in a model-
independent way. Our closure phase values are shown in Fig. 2.
There are many different algorithms with which to reconstruct
images from interferometric data, but the process described here
involved the use of the SQUEEZE algorithm (Baron et al.
2010). S QUEEZE employs an MCMC approach to image recon-
struction and was chosen due to the wide range of available
regularisation options and its ability to implement SPARCO, a
semi-parametric approach for image reconstruction of chromatic
objects (Kluska et al. 2014).

In the SQUEEZE/SPARCO routine, the object is mod-
elled as an unresolved central star with an extended, model-
independent, environment (Kluska et al. 2014). Both components
have different spectral behaviours and so differing spectral
indices. Additionally, the type and weight of the regularisation
were explored, S QUEEZE allows for a very wide range of reg-
ularisation algorithms to be implemented. Regularisation aids in
completing the missing information caused by a sparse uv cov-
erage by promoting a certain type of morphology in the image.

Total variation (TV) was found to most reliably reproduce the
best image, TV aims to minimise the total flux gradient of the
image and is useful to describe uniform areas with steep but
localised changes. These regularisations are considered to be
the best ones for optical interferometric image reconstruction
(Renard et al. 2011).

The size and number of pixels also play an important role
in image reconstruction. One cannot simply use the maximum
number of pixels of the smallest size to obtain a better resolu-
tion, and they have to be chosen to match uv plane sampling.
It was found that a quadratic smoothing regularisation with a
weight of 1x 10° and 252 x 252 pixels of 0.1 mas in size provides
the best-fit image reconstruction when utilising exact Fourier
transform methods. The optimal regularisation parameters were
determined using the L-curve method.

The final image is shown in Fig.3 (top left panel) with the
1,3 and 50 significance levels shown in white, green and blue
contours respectively. The inclination of the disk appears to be
greater than that found by LA19 with a similar minor-axis posi-
tion angle. There also appears to be a central bulge along the
minor disk axis, likely caused by the over-brightness of the star
along this axis. The brightness distribution shows a brighter
structure along the north-west of the outer disk, parallel to the
major axis of the disk. This is consistent with the asymmetry
found by LA 19 and indicates a highly inclined disk where the far
side of the inner rim is directly exposed to the observer, while
the nearside is obscured by flaring in the outer disk. There are
smaller significant structures to the south-east of the disk also,
we interpret these to be the shadowed near side of the rim due to
their smaller extent than the northern features. We are not confi-
dent in the exact shape of these objects, given their irregularity.
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Fig. 3. Reconstructed and Radiative transfer images of SU Aurigae.
Top Left: image reconstruction resultant bootstrapped image, including
beam size and orientation. The coloured contours represent significance
flux levels of 10 (white), 30~ (green) and So (blue). Top right: radiative
transfer image produced using TORUS, including a dusty disk wind.
Bottom middle: reconstruction of simulated data created using the best
fit TORUS image above, reconstruction parameters are equivalent to
those of the top-left image. Colours are normalised intensity.
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Fig. 4. Azimuthal profile corrected for the inclination of the recon-
structed image, created from angular slices through the image from the
central star. In the full image of Fig. 3, north is up, and east is left. R is
the radial distance from the central star, ® is the polar angular direction.

In order to highlight the radial brightness distribution across the
disk, Fig. 4 shows a flattened profile, the elongation of the bulge
can be seen in the NW and SE directions with the extended rim
material at radii out to 1 mas.

To quantitatively measure the size and orientation of the
emitting region, a simple ellipse was fitted to 3, 4, and 5o flux
significance contours. The averaged results find an inclination of
46° + 6 and a position angle of 53° + 4. Fitting an ellipse to lower
significance levels is not possible due to their irregular shape. the
position angle of the ellipses is in good agreement with the val-
ues derived in Sect.4. The inclination shows slight deviations
from these values.

The chromaticity of the object is measured using two vari-
ables in the S PARCO implementation. ff, the stellar-to-total-
flux ratio at the central wavelength; and d.y, the spectral index
of the extended environment. Only the spectral index of the
extended environment is needed as interferometric data is only
sensitive to the relative difference in spectral index between the
star en circumstellar material. d.,, is found to be 1.7 + 0.8, which
corresponds to a temperature of 1257331 assuming the objects
NIR emission is in a Rayleigh-Jean regime. This is within the
range of sublimation temperatures of typical disk astronomical
silicates, as expected at such small disk radii. f° is found to be
0.55 + 0.26, consistent with values measured from the SED and
those found from geometric modelling (see Sect.4). The large
errors associated with f° and d.,, result from some degener-
acy between the parameters; see Kluska et al. (2014) for a full
description of the procedure.

The visibility and closure phase fits of the image reconstruc-
tion are shown in Fig.2 (top panels) along with the residuals
of the fit (bottom panels). The combined visibility and closure
phase reduced chi-squared sze 4 of the image reconstruction was
found to be 4.38.

4. Geometric modelling

To understand the geometry of the system one must consider
the application of simple geometric models. In this section,
we explore several approaches to modelling our data with both
non-chromatic ‘grey’ models and techniques that explore chro-
maticity.

4.1. Basic geometric models

The fitting of Gaussian and ring-like distributions to the inter-
ferometric variables allows highly accurate estimations of the
characteristic size, inclination and position angle of the object. In
all models, the central star is modelled as a point source, which
is an acceptable assumption given the expected angular diameter
of the star. The disk parameters are then fitted in the RAPIDO
(Radiative transfer and Analytic modelling Pipeline for Inter-
ferometric Disk Observations) framework (Kreplin et al. 2018),
available in-house at the University of Exeter. RAPIDO utilises
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Table 2. Best fit parameters for the simple geometric models investigated.

A&A, 678, A6 (2023)

Parameter Explored parameter space  Gaussian Ring Skewed ring
R [mas] 0.0-10.0 - 0.83+0.01 0.17=+0.16
FWHM [mas] 0.0-15.0 1.52 +£0.01 - 0.75 £ 0.04
INC [°] 0.0-90.0 569+04 574+04 56.9 +0.5
PA [°] 0.0-360.0 55905 56.8+04 55.8+0.5
Jaisk 0.0-1.0 043+0.01 032+0.01 0.43=+0.01
X 11.63 13.87 11.62
Xgp 6.05 6.05 6.01™

Notes. “)The closure phase quoted is achieved when allowing the skewed ring to become asymmetric. While the software did detect an asymmetry,
it failed to constrain its location in the disk. PA is the minor-axis position angle of the disk and is measured from the north (PA = 0°) towards

the east.

the Markov chain Monte Carlo (MCMC) sampler emcee to pro-
duce a fit and error estimate (Foreman-Mackey 2016). Three disk
models were employed, a standard Gaussian brightness distri-
bution which is characterised by its full-width-half-maximum
(FWHM), along with two ring models, a sharp ring with a width
fixed to 20% of the disk radius (R) and a ‘skewed’ ring with
a more diffuse radial profile produced by convolving with a
Gaussian with a FWHM. The skewed ring is also capable of
modelling azimuthal modulation or disk asymmetries, a detailed
description of this model can be found in Lazareff et al. (2017).
In addition to the model-specific parameters, we also fitted the
inclination (INC), minor-axis position angle (PA) and disk-to-
total flux ratio (f3sk). As we see no evidence of time variability
in the data we are able to fit all data simultaneously. The results
from the simple geometric model fitting are shown in Table 2.

Out of the geometric models tested, the Gaussian model
is considered to be the best fit. Even though the skewed ring
produced a slightly small y? value for the closure phase and vis-
ibility measurements, we do not consider this significant, given
the additional degrees of freedom in the model. In addition, as
shown in Fig. 5, the best fit skewed ring tends towards a Gaussian
distribution, with a very small inner radius 0.17 mas with a wide
FWHM ring width 0.75 mas. The skewed ring fails to reproduce
the small but complex asymmetries seen in the image reconstruc-
tion. We attribute this to a failure of the underlying ring model
rather than a lack of asymmetries within the disk; if a simple ring
model does not represent the data well, introducing asymmetries
cannot be expected to improve the result.

The best fit Gaussian model finds a disk of FWHM 1.52 +
0.01 mas which is inclined at 56.9 + 0.4° and a minor-axis posi-
tion angle of 55.9 + 0.5°. In addition, we find that 43 + 1% of
the total flux originates from the disk in the H band. This is con-
sistent with measurements based on the infrared excess of the
spectral energy distribution (SED) in LA19 and also with the
flux ratio found in the image reconstruction algorithm.

The primary limitation of the simple geometric models
described above is that they are intrinsically ‘grey’ in nature.
Meaning they contain no spectral information, hence the large
x? values obtained in the fitting process. In order to better model
the spectral dependency of the visibility, more complex tem-
perature gradient models that are able to account for observing
wavelength must be employed.

4.2. Temperature gradient models

A physically correct model can be applied by considering the
temperature gradient of the disk. A temperature gradient model

Gaussian Model

Ring Model

ADEC [mas]
ADEC [mas]

-2 1 0
ARA [mas]

-1
ARA [mas]
Skewed Ring Model

Reconstructed MIRCX Image

ADEC [mas]
A6 [mas]

2 1 -1 -2 2 1 0 1 2

0
ARA [mas] Aa [mas]

Fig. 5. Geometric model images, corresponding to best-fit parameters
described in Table 2. Top left: Gaussian model brightness distribution.
Top right: ring model brightness distribution. Bottom left: skewed Ring
model brightness distribution. Bottom right: full reconstructed image,
repeated from Fig. 3.

(TGM) allows for the simultaneous fitting of interferometric and
photometric observables. The origin of the photometric data
used is described in Table A.1. It is built up by several rings
extending from an inner radius Rj, to an outer radius R,y. Each
ring is associated with temperature and hence flux. Therefore, a
model SED can be computed by integrating over the resulting
blackbody distributions for each of the concentric rings. Such a
model allows us to not only build up a picture of the temperature
profile but also approximate the position of the inner radius. The
TGM is based upon a Ty = To(R/Ry) ™2 profile where T} is the
temperature at the inner radius of the disk R, and Q is the expo-
nent of the temperature gradient (Kreplin et al. 2020; Eisner &
Hillenbrand 2011). A TGM represents an intrinsically geometri-
cally thin disk. A point source is used at the centre of each model
to represent an unresolved star, which is a reasonable approxima-
tion given the expected angular diameter of 0.05 mas (Pérez et al.
2020). Also included in the fitting of photometric parameters is
a treatment of interstellar extinction based on Fitzpatrick (1999)
with an Eg_y) = 0.5 (Bertout et al. 2007).
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Fig. 6. Spectral energy distribution of SU Aurigae. Green points are
photometric data from a variety of instruments. Red line is Spitzer IR
data. The Black dashed line is direct radiation from the stellar photo-
sphere. The blue line is the best TORUS computed radiative transfer
model inclined at 56°. The orange line is the SED computed from the
simple temperature gradient models described in Sect. 4.2.

The inclination and position angle of the disk is maintained
at fixed values of 56.9 + 0.4° and 55.9 + 0.5° respectively, from
the fitting of the Gaussian distribution. This was done to reduce
the number of free parameters in the model. The fitting was
undertaken using all of the visibility data shown in Fig.3 and
all the SED points simultaneously. The fitting and error com-
putation was once again done using emcee (Foreman-Mackey
2016).

The results of the temperature gradient modelling are shown
in Fig. 7. We find an inner disk radius of 0.15 + 0.04 au where the
temperature is equivalent to 2100 + 200 K and decreases with an
exponent of Q = 0.62 +0.02. The inner disk radius is the point at
which the dusty disk is truncated due to the sublimation of mate-
rial, in contrast to more extreme objects such as FU Ori where
the inner disk radius is equivalent to that of the stellar radius
indicating boundary layer accretion (Labdon et al. 2021). Inte-
rior to the sublimation radius is expected a hot dust-free inner
disk from which material can be magnetospherically accreted.
However, our low spectral resolution continuum observations are
not sensitive to these regions. The outer edge of the temperature
gradient model is a fitted parameter found to be 0.2 + 0.03 au.
This does not correspond to a physical outer edge of the disk
but to a potential temperature discontinuity, such as where a vis-
cously heated region ends. This is also the approximate region at
which the NIT visibilities are no longer sensitive.

An inner disk radii temperature of 2100 + 200K may be
considered high, but is broadly consistent with laboratory sub-
limation temperatures for silicate grains. An exponent of Q =
0.62 + 0.02 is slightly larger than that expected from a disk
heated by stellar radiation alone and may indicate the pres-
ence of additional disk heating mechanisms, such as viscous
heating (Pringle 1981; Kenyon & Hartmann 1987; Dullemond
& Dominik 2004). A higher-than-expected sublimation tem-
perature can also be explained by the presence of refractory
grains which sublimate at a high temperature than standard
astronomical silicates (Benisty et al. 2010)

The resultant SED of the inner disk is shown in Fig. 6 as
the orange curve. Beyond 5-6 pm the TGM fails to fit the shape
of the disk accurately. This is likely due to the flared nature of
the disk in contrast to the ‘flat” TGM model which will have the
strongest effect and longer wavelengths. In addition, the strong

A6, page 6 of 17

2500
-=--- Sublimation Rim
---- Stellar Radius

2000

-
1%
o
o

=
o
<]
=]

Inner disk radius = 0.15 au

Temperature [K]

.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

L 1

T « =062
500
%o 0.2 0.4 0.6 0.8 1.0

Radii [au]

Fig. 7. Temperature gradient profile across the inner au of SU Aur. The
dusty disk extends down an inner radius, consistent with the expected
sublimation radius and temperature. Interior to this expected a hot dust-
free inner disk which is not detected in the continuum observations.

disk warp reported by Ginski et al. (2021) would also intro-
duce some temperature discontinuity, the modelling of which is
beyond the scope of this work.

5. Radiative transfer

In order to provide a more physical model and directly compare
to LA19, we used the Transport Of Radiation Using Stokes inten-
sities (TORUS) Monte-Carlo radiative transfer code (Harries
et al. 2019) to simultaneously fit the visibility, closure phase and
photometric data of the SU Aurigae system. The models adopted
here are based on the disk models used by LA19, adapted to
account for the higher inclination and different observing wave-
lengths. In these TORUS simulations, the dust was allowed to
vertically settle to the scale height of the gas component and the
dust sublimation radius was left as a free parameter, allowing the
inner rim radius to define itself based on well-defined rules of
the Lucy (1999) iterative method to determine the location and
the temperature structure of the whole disk. This is implemented
whereby the temperature is initially calculated for grid cells
in an optically thin disk structure, with dust added iteratively
to each cell with a temperature lower than that of sublimation
until the appropriate dust-to-gas ratio is reached (0.01). We con-
firmed that stellar photosphere models of Castelli & Kurucz
(2004) using these stellar parameters can reproduce the photom-
etry measurements of SU Aur reasonably well across the visible
continuum. We adopt a silicate grain species with dust properties
and opacities adopted from Draine (2003). For a more detailed
description of TORUS and the algorithms used, see Davies et al.
(2018), Labdon et al. (2019).

The dusty disk wind model is adapted from Bans & Konigl
(2012). This mechanism is based on the presence of a large-
scale, ordered magnetic field which threads the disk along which
disk material is flung out. The high magnetic pressure gradient
above the disk surface accelerates the material, which is then
collimated through the azimuthal and poloidal field components
(Bans & Konigl 2012). These centrifugally driven winds are
highly efficient at distributing density above and below the plane
of the disk, carrying angular momentum away from the disk sur-
face. A full description of the implementation within the TORUS
radiative transfer code can be found in LA19.

The disk model adopted follows the curved inner rim pre-
scription of Isella & Natta (2005) with a density-dependent
sublimation radius whereby grains located in the disk midplane
are better shielded due to higher densities and so can exist closer
to the central star than grains in the less dense upper layers. A
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Table 3. Best-fit parameters resulting from TORUS (Harries 2000) radiative transfer SED and visibility modelling.

Parameter Literature value Reference Range explored Best fit value Notes

Rinner 0.18 au (D) 0.1-0.6 au 0.16 au Determined based on the
gas density and grain size

Router 100 au (H(A3) - 100.0 au Fixed to literature values

ho 15.0 au 3) 7.0-20.0 au 9.0 au Scale height at 100 au

Qdisk 2.4 (3) 1.0-3.0 2.3 Qdisk is fixed at (,Bdisk + 1)

Buisk 1.4 3) 0.0-2.0 1.3

Dust : Gas 0.01 (H(3) - 0.01 Fixed to literature values

a 0.14 pm @)) 0.1-1.4 um 0.14 um

Towb 2000 K (@] - 2000 K Fixed to literature values

Dusty disk wind parameter Literature value Reference Range explored Best fit value

Romin 4.5 3) 2.0-6.0 4.5 R, New grid of models

T'wind (near surface) 1600 K 3) 1200-2400 1600 K New grid of models

Opening Angle 50° 3) 25-65° 45° New grid of models

M 1077 Mg yr! 3) 10719-107¢ 1077 Mg yr! New grid of models

References. (1) Akeson et al. (2005); (2) Jeffers et al. (2014); (3) Labdon et al. (2019); (4) Pollack et al. (1994).

full summary of the disk parameters can be found in Table 3.
The only parameters we explored with respect to LA19 were the
disk scale height (hg), the grain size (a) and the flaring index
Buisk- The key difference in the models described here compared
to LA19 is the grain size adopted. Here we adopt a smaller grain
size of 0.14 um, which in turn leads to a slightly smaller inner
radius of 0.16 au. Additionally, in order to improve the SED fit
at longer wavelengths we also adopt a more modest scale height
of 9.0 au. The resultant SED from the radiative transfer model is
shown in Fig. 6, in addition to the model stellar photosphere, also
calculated within TORUS. The SED fits well across the optical
and IR and longer mm wavelengths, however, is a relatively poor
fit across the 8—40 um range. We attribute this to the disk warp
reported in Ginski et al. (2021) which would result in a physical
disk break and temperature discontinuity. The geometry govern-
ing disk warps is little understood, in particular, how it would
affect the inner and outer edges of the warp. The shapes of these
rims, and how is the vertical structure of the disk affected at this
point, are not known. Such a model is well beyond the scope of
this paper for 2 reasons: firstly we lack high spatial resolution
data at M/F-IR wavelengths which might cover the location of
the disk warp. The complex geometry of the warp would require
extensive modelling, which is difficult given the limitations of
the radiative transfer code used.

The presence of a disk wind is once again required to fit both
the visibilities and the SED. The absence of a disk wind fails to
reproduce IR excess across both the H and K bands, with insuf-
ficient NIR disk flux. This significantly impacts both the SED
and interferometric fit. A disk wind is required to eject more hot
dust above the midplane of the disk where it is directly exposed
to stellar radiation which is reprocessed as an IR excess.

This is shown in Fig. 8, where the squared visibilities are
shown for both a disk model with and without the dusty wind
environment. The disk wind model provides a far superior fit to
the observations, being able to successfully reproduce the NIR
excess. Beginning from the wind parameters found in LA19, we
run a new grid of models exploring the disk wind parameter
space. The parameters explored and their ranges are described
in Table 3, along with the resulting best-fit values. The results
are broadly similar to those found in LA 19, with the exception of
a slightly higher temperature of material in the disk wind, closer

to dust temperatures found in the inner disk. Of particular note
is the into-wind accretion rate of 10~7 M. Considering the his-
torically accepted on-to-star accretion rate to into-wind accretion
ratio of 0.1, this level of transport is perhaps unphysically high
given the age of the star, but a discussion of possible mechanisms
are included in Sect. 6.

The final computed image is shown in Fig. 3 (top left panel)
and shows the clear asymmetry originating from the inclination.
In order to approximate what this computed image would look
like if observed at the same resolution as the original obser-
vations, we computed synthetic visibility and closure phases
based on the radiative transfer images (as described in Davies
et al. 2018). Artificial noise and error bars were computed to
be representative of the original data and to ensure an accurate
representation. These synthetic observables were then recon-
structed in the same manner as the original data, as described
in Sect.3. Care was taken to ensure consistency in the recon-
struction parameters for both the real and synthetic observables.
The reconstructed TORUS image is also shown in Fig. 3 (bottom
right panel), and shows clear similarities with both the original
TORUS image and the image reconstructed from the original
data.

6. Discussion

Our extensive observations and analysis of the circumstellar
environment of SU Aurigae have revealed the details of the inner
disk in unprecedented detail. The wide variety of techniques
used to analyse our interferometric data allows us to precisely
define the disk characteristics.

Image reconstruction is a crucial, model-independent,
method of analysis which is ideally suited to our dataset with
extensive uv and baseline coverage. Our analysis reveals an ellip-
tical shape, indicative of an object with a high inclination as
shown in Fig. 3. There appears to be a central bulge to the disk,
however, this feature is not thought to be physical but rather a
manifestation of the brightness of the central star combined with
the width of the disk at this point. The more extended material
in the image is thought to be a depiction of the far side of the
disk rim, which is unobscured by the outer disk, this is rein-
forced by the fact that the extended material is bright in the
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TORUS model with disk wind

TORUS model excluding disk wind

75 100 125 150 175 200 2250
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northeast of the image. There is a significant asymmetric fea-
ture in the form of a thin brightness on the north-eastern edge of
the disk. The unique shape of this feature indicates that this is
again caused by the high inclination obscuring the nearside disk
rim. The effect of an inclined disk on the observed brightness
distribution is described extensively by Jang-Condell & Turner
(2013) and accurately describes the observations here. By fit-
ting an ellipse to the significant features in the image, we gain
a quantitative measure of the disk geometry. The results find
an inclination of 46° = 6 and a position angle of 53° + 4, very
similar to those derived from more reliable geometric model fits
described below. The scale and shape of the image are similar to
that of LA 19, with a slightly higher inclined viewing angle. We
consider the images of this work to be the more accurate depic-
tion of SU Aur given the higher quality observations, taken over
a much shorter timescale, with the added detail and resolution
this entails.

Although geometric modelling is much more constrained in
the geometries it can explore, it provides a more quantitative
view of the disk. It was found that the model which best fit
our data was a simple Gaussian distribution with a point source
representing the star. A Gaussian model is consistent with other
work, both on this object by LA19, but also in other YSO studies
such as the survey by Lazareff et al. (2017), who find that little
under half of their 51 objects can be modelled by a Gaussian
structure. The Gaussian fitted in this work has an FWHM of
1.52+0.01 mas (0.239 +0.002 au) at an inclination of 56.9° +0.4
at a minor axis position angle of 55.9° + (.5 with a stellar-to-total
flux ratio of 0.57 + 0.01. The reduced y? value for the visibilities
is 11.63 and 6.05 for the closure phases, which are equivalent to
0° for this centrosymmetric model. These values are in agree-
ment with the literature values of Akeson et al. (2005) who
find a K band radius of 0.18 + 0.04au and an inclination of
623;4. Similar values for the inclination in literature are ~60° and
~50° found by Unruh et al. (2004), Jeffers et al. (2014) respec-
tively. The minor axis position angle derived here is significantly
greater than the literature values of 24° + 23 and 15° + 5 found by
Akeson et al. (2005), Jeffers et al. (2014). This difference is likely
due to either: The poor uv coverage and the lack of longer base-
lines in previous interferometric studies, both of which make
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estimating the position angle and inclination particularly unre-
liable. Other non-interferometric studies focus on the outer
disk, which is shown by Ginski et al. (2021) to be misaligned
compared to the inner disk.

The geometric modelling results are broadly similar to those
presented in our previous work LA19, where an inclination of
50.9 + 1.0° and minor axis position angle of 60.8 + 1.2° were
found, and the data were marginally better described by a ring-
like brightness distribution. The values and models presented
here are considered to be more accurate due to high preci-
sion observations and significantly smaller potential for temporal
variations, as the data of LA19 was coalesced over 14 yr. These
values are also consistent with observations of the outer disk
by Ginski et al. (2021) where dark shadows are observed in
scattered light originating from a significant disk warp between
the inner and outer regions. On larger scales, the near side of
the disk is seen to the northeast; in our observations, it is seen to
the south-west.

In modelling the temperature gradient of SU Aur, we can
gain an appreciation for the spectral dependence of our inter-
ferometric variables across the 6 spectral channels of MIRC-X.
Our modelling finds a disk which extends down to 0.15 +
0.04 au where the temperature is equivalent to 2100 + 200 K and
decreases with an exponent of O = 0.62 +0.02. The outer edge of
this temperature regime was found to be 0.20 = 0.03 au, showing
this prescription only covers the innermost regions of the disk.
Modelling outer regions of the disk are beyond the scope of this
paper, as our NIR interferometric data does not cover emission
from these regions and larger radii are likely affected by the sig-
nificant disk warp causing a temperature gradient discontinuity.
A temperature gradient exponent of Q0 = 0.62 + 0.02 found here
lies between two established models from the literature. That of
Pringle (1981), who find that a steady state, optically thick accre-
tion disk heated by viscous processes will exhibit an exponent of
0.75 and of Kenyon & Hartmann (1987), Dullemond & Dominik
(2004), who show that a flared disk heated by reprocessed stel-
lar radiation alone will exhibit an exponent of <0.5. As such,
it is difficult to comment on the heating of the circumstellar
environment of SU Aurigae. In particular, given the strong
dusty disk wind environment, which likely impacts the observed
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Fig. 9. Black crosses are the closure phase data obtained with MIRC-X.
Overlaid as coloured points are the TORUS model closure phases; the
colours represent the wavelength of the spectral channels and follows
the same convention as other plots in this work. Below in black points
are the normalised residual errors of the fit.

temperature gradient. But it is possible that the disk is not heated
by stellar radiation alone, but additional heating processes, such
as viscous heating, may also be present.

The radiative transfer modelling presented in this paper is
heavily based on LA19. For a detailed discussion of the motiva-
tion behind certain choices, particularly in relation to the shape
of the inner rim, we recommend the reader see Sect.5 of that
paper. In this work, we can achieve a similar SED fit to LA19,
including the adoption of a smaller 0.14 pm grain size. It is noted
that the smaller grain size is in line with older radiative transfer
work of SU Aur by Akeson et al. (2005). The inner rim extends
down to 0.13 au at a sublimation temperature of 2000 K, com-
pared to 0.15 au from LA19. This is within the uncertainties of
values predicted by the temperature gradient modelling and is
roughly consistent with older literature values of 0.18 + 0.04 au
and 0.17 = 0.08 au by Akeson et al. (2005) and Jeffers et al.
(2014) respectively. The relationship between grain size and
inner rim radius is within the TORUS radiative transfer frame-
work is discussed in Davies et al. (2020). The flaring parameters
agisk and Bgisx were fixed such that agisx = Baisk + 1 and found
to be 2.3 and 1.3 respectively, a more physical representation,
than the values depicted in LA19. Similarly to LA19, a dusty
disk wind is required to fit both the SED across the NIR and
visibilities, as shown in Fig. 8.

The TORUS implementation of s dusty wind does not
depend on the underlying launching mechanism but just pre-
scribes a geometry above and below the disk, which is populated
by dust grains, where it can reprocess stellar radiation to con-
tribute to the NIR excess. This was first proposed by Bans &
Konigl (2012) in the context of a magnetospherically driven disk
wind. Figure 8 highlights how a standard (no-wind) model can-
not sufficiently fit the interferometric data and how adding a
dusty disk wind can provide a significantly better fit to the data.
The maximum temperature of the dust in the wind is similar to
the temperature of the dust at the sublimation temperature of the

disk 1900 and 2000 K respectively, as expected given the dust
launches from close to to the sublimation rim. In Appendix B,
each baseline is plotted in a separate panel to explore the chro-
matic (temperature) gradient of the data. The simplified heating
description can explain the discrepancy in the gradient and level
of some baselines within the radiative transfer model. TORUS
produces a disk heated by reprocessed stellar radiation alone,
with no internal disk heating such as viscous heating. We see
from the specific temperature gradient modelling that we might
expect some viscous heating within the disk.

However, the implementation of the dusty disk wind in this
scenario is not completely physical, owing to the high into-
wind outflow rate of 1 x 1077 M, yr~! required. If one assumes
the historically accepted outflow-to-accretion ratio of 0.1, the
resulting onto-star-accretion rate is greater than those typically
found in T Tauri stars. In particular, this contrasts with the mea-
sured accretion rate of SU Aur (Pérez et al. 2020). However, the
inflow-to-outflow ratio is the subject of some discussion, with
recent works suggesting the ratio may be closer to unity in some
situations (Pascucci et al. 2023), particularly by invoking mag-
netically driven winds originating from a dead zone close to the
sublimation radius. Based on our data, we cannot differentiate
such specific wind launching mechanisms. In addition, the sug-
gestion that SU Aur is undergoing a late-stage infall event Ginski
et al. (2021) could be a potential explanation for such a high level
of mass transport through the system.

Late infall events typically occur after the depletion of the
protostellar envelope, when a large amount of material exte-
rior to the disk falls inwards. The triggering mechanisms behind
such events are poorly understood as there are few observational
examples. From simulations, it is thought that a large infall event
can not only directly increase the accretion rate (Dullemond et al.
2019), but also dramatically re-sculpt the disk, creating gaps,
spiral arms and strong misalignments (Kuffmeier et al. 2021).
In the case of SU Aur a large infall of material is thought to
have caused a strong disk warp between the inner and outer disk
(Ginski et al. 2021). It is also not unreasonable to assume this
lead to an enhanced accretion rate, which would allow for the
strong disk winds needed in the model presented here.

The simplest way to directly compare the analytical meth-
ods employed in this work is through the images produced.
Figure 3 shows a collage image reconstruction and radiative
transfer methods, while Fig. 5 compares the various geometric
images. They clearly show the similarities between the images
with very similar inclinations and position angles with asym-
metries oriented in the same direction. The asymmetries all
appear to result from the high inclination of the disk, causing
the near side inner rim to be shadowed by the flared outer disk.
The lowest panel of Fig.3 shows an image reconstructed from
synthetic visibilities and closure phases obtained from the radia-
tive transfer image. Care was taken to ensure the observables
were matched in baseline length and position angle and detector
mode, while the image reconstruction process was exactly that
described in Sect. 3. The remarkable similarity between the dif-
ferent images, in particular the real image reconstruction and the
synthetic reconstruction, provides strong reinforcement that the
models adopted are truly representative of the disk structure.

7. Future observations

Recent improvements at CHARA include the commissioning of
the MYSTIC (Michigan Young STar Imager at CHARA) beam
combiner (Monnier et al. 2018), a 6-telescope K-band combiner
capable of working in parallel with MIRC-X for simultaneous
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observations. The combination of MIRC-X and MYSTIC would
allow us to investigate the temperature structure of the inner disk
in greater detail while also obtaining greater precision due to the
higher sensitivity of MYSTIC. In addition, longer wavelength
mid-infrared (MIR) interferometry with the MATISSE (Multi
AperTure mid-Infrared SpectroScopic Experiment) instrument
at the Very Large Telescope interferometer (VLTI) would poten-
tially allow us to resolve the warped region of the disk, to confirm
the nature of the geometry in this region for direct comparison
to late infall event simulations.

8. Conclusions

This interferometric study of SU Aurigae has revealed the com-
plex geometry and composition of the disk around SU Aurigae.
We summarise our conclusions as follows:

— We reconstruct an interferometric image that confirms the
inclined disk described in the literature. We see evidence
of an asymmetry in the brightness distribution that can be
explained by the exposure of the inner rim on the far side
of the disk and its obscuration on the near side due to
inclination effects.

— Our simple geometric model fits show that the circumstel-
lar environment is best modelled as a Gaussian distribution
with a disk of inclination 56.9 + 0.4° along a minor axis posi-
tion angle of 55.9.0 +£ 0.5° and an FWHM of 1.52 + 0.01 mas
(0.239 + 0.002 au). Such geometry is consistent with strong
disk shadows observed in the outer disk originating from a
disk warp.

— We model the radial temperature profile of the inner disk
and find a disk which extends down to 0.15 + 0.04 au where
the temperature is equivalent to 2100 + 200 K and decreases
with an exponent of 0.62 + 0.02.

— A dusty disk wind scenario is still required to account for
both the observed excess in the SED and the observed vis-
ibilities. The dusty disk wind scenario described here lifts
material above the disk photosphere, thus exposing more
dust grains to the higher temperatures close to the star
responsible for the NIR excess. The high accretion rate
required to reproduce the stellar-to-total flux ratio could be
explained by a late infall event.

— Our best-fit model (dusty disk wind model) suggests that the

dust composition in the disk is dominated by small grains
(0.14 pm) with a sublimation temperature of 2000 K. Intro-
ducing larger grains results in a worse fit to the SED shape
and NIR excess. The disk is also shown to be highly flared
(9 at 100 au).
We have shown that dusty disk winds and late infall events
have profound impacts on protoplanetary disks. These pro-
cesses will have implications for the efficiency of planet
formation within the disk, the study of which will require
more observations of similar objects.
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Appendix A: Additional table of photometry

Table of photometry used in the SED fitting procedure.

Table A.1: Photometric values used to construct the SED of SU Aur.

Wavelength [um]  Flux [Jy]

Reference

0.15
0.23
0.42
0.44
0.53
0.69
0.79
0.88
1.24
1.25
1.63
2.17
2.19
3.35
3.40
4.50
4.60
5.03
7.88
8.62
11.57
11.60
18.40
22.11
23.90
61.89
65.04
90.06
140.10
160.11
849.86
887.57
1300.90
1333.33

1.31E-04
0.00219
0.233
0.402
0.6
1.32
1.47
L.75
2.08
212
2.47
271
2.62
2.6
2.44
1.75
2.78
2.58
1.99
2.36
2.83
3.52
6.47
9.24
12.8
12.2
9.89
8.8
10.2
8.88
0.074
0.071
0.03
0.0274

Bianchi et al. (2011)
Bianchi et al. (2011)
Ammons et al. (2006)
Anderson & Francis (2012)
Ammons et al. (2006)
Morel & Magnenat (1978)
Davies et al. (2014)
Morel & Magnenat (1978)
Roser et al. (2008)
Ofek (2008)

Ofek (2008)

Roser et al. (2008)
Ofek (2008)

Cutri et al. (2014)
Bourgés et al. (2014)
Esplin et al. (2014)
Cutri et al. (2014)
Bourgés et al. (2014)
Esplin et al. (2014)
Abrahamyan et al. (2015)
Cutri et al. (2014)
Abrahamyan et al. (2015)
Abrahamyan et al. (2015)
Cutri et al. (2014)
Abrahamyan et al. (2015)
Abrahamyan et al. (2015)
To6th et al. (2014)
Téth et al. (2014)
To6th et al. (2014)
Toth et al. (2014)
Mohanty et al. (2013)
Andrews et al. (2013)
Mohanty et al. (2013)
Andrews et al. (2013)
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Appendix B: Additional figure

0.6

0.5 -
x’f 17;m 0.5 - ¥x 198m x)( 217m
¥ £ 3 04
0.4- % x ¥, X 3 ¥ ¥ X
0.3 -
1| x 182m 051 x 217m x  214m
0.5 - * 04— L
—j——ili—— ¥ ¥ X %4 . 2 3 ¥ ¥ 3z %
0.4 * X 0.3
0.3
0.61 163m¥ . -5 ; 163m—g - 054 x 161m
0.4 1 0.4 1 04 ¥ ox ¥ 4
x 034 X .
0.2 -
1 0.5 -
081 s —383m x__183m x  180m
| }I( 0.5 - x ¥ g | z
0.5 % £ 0.4 ) > S 3
0.4 f £
0.4 1 0.3 1
n3 4
034 x 197m gs{ x 162m - e
i, £ x ¥ =z z
44 X e ] -  —
0.4 X X x L. 3 0.4 = z x x
0.3 0.3 1 0-31
1} xx 22m X x 22m ¥ 182m
1.0 - =9 = 3 * g %
* % $ ¥ X %0.4 g
x ¥ 0.8 - ¥ 3 ¥
>, XX 22m 0.6 1 ¥ 182m 1.0 X 22m *
1
1.0 A * I L T +__ %
T % % %041 =2 %9 1 % t } %
0.8- x
047 x_ 136m ae | X 136m 064 Xx 114m
T d +
L RPN b S 1 £
0.4 - %
0.4 z 0.4 - b
1} x 216m X x 114m o5 ¥ 137m
0.4 1 4  ®6 - < % . X %
¥ & ox x % I %0.4 1 g * X xg
031 0.4 3 el
1.0 1 1.0 1
q-—)’e—?ﬂ'ﬂﬂj—z—‘—T_ g 137m L%  22m X w e
0.8 - 0.8 -
0.4 - T X X g
067 % 0.3 ol =
1.0
i x 22m 094 x 22m &a] X, 170M
0.9 —*—%—% ﬁgs o x S -
0.3 X
0.8 - 07/ X ® X 2 3
n-2 4
0.2 & 138m 0.6 ; 115m | v’f 1/1;m
| x 0.5 -/’—T"’M
041 o x x % X % x X X
0.3 0.4 - 0o

150 155 160 165 1.700.50 155 160 1.65 1.700.50 155 1.60 1.65 1.70
Wavelength [um]

Fig. B.1: Squared visibilities split by baseline/pointing against wavelength. Black crosses are the measured visibilities. Red lines
represent synthetic visibilities from the final TORUS radiate transfer model. The legend of each plot is the length of the individual
baseline.
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Fig. B.1: Continued
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