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ABSTRACT

Context. T Tauri stars are known to be the cradle of planet formation. Most exoplanets discovered to date lie at the very inner part
of the circumstellar disk (<1 au). The innermost scale of young stellar objects is therefore a compelling region to be addressed, and
long-baseline interferometry is a key technique to unveil their mysteries.

Aims. We aim to spatially and spectrally resolve the innermost scale (<1 au) of the young stellar system CI Tau to constrain the inner
disk properties and better understand the magnetospheric accretion phenomenon.

Methods. The high sensitivity offered by the combination of the four 8-m class telescopes of the Very Large Telescope Interferometer
(VLTI) allied with the high spectral resolution (R ~ 4000) of the K-band beam combiner GRAVITY offers a unique capability to probe
the sub-au scale of the CI Tau system, tracing both dust (continuum) and gas (Bry line) emission regions. We developed a physically
motivated geometrical model to fit the interferometric observables — visibilities and closure phases (CP) — and constrained the physical
properties of the inner dusty disk. The continuum-corrected pure line visibilities have been used to estimate the size of the Hydrogen I
Bry emitting region.

Results. From the K-band continuum study, we report a highly inclined (i ~ 70°) resolved inner dusty disk, with an inner edge located
at a distance of 21 = 2 R, from the central star, which is significantly larger than the dust sublimation radius (Ry, = 4.3 to 8.6 R,). The
inner disk appears misaligned compared to the outer disk observed by ALMA and the non-zero closure phase indicates the presence
of an asymmetry that could be reproduced with an azimuthally modulated ring with a brighter south-west side. From the differential
visibilities across the Bry line, we resolved the line-emitting region, and measured a size of 4.8f(1):8 R,.

Conclusions. The extended inner disk edge compared to the dust sublimation radius is consistent with the claim of an inner planet,
CI Tau b, orbiting close in. The inner-outer disk misalignment may be induced by gravitational torques or magnetic warping. The size
of the Bry emitting region is consistent with the magnetospheric accretion process. Assuming it corresponds to the magnetospheric
radius, it is significantly smaller than the co-rotation radius (R.,,= 8.8 + 1.3 R,), which suggests an unstable accretion regime that is

consistent with CI Tau being a burster.

Key words. stars: variables: T Tauri, Herbig Ae/Be — stars: magnetic field — accretion, accretion disks

1. Introduction

The power of long baseline near-infrared interferometry to inves-
tigate the inner regions of young stellar systems has been
amply demonstrated in the past years (Dullemond & Monnier
2010). The inner disk structure (GRAVITY Collaboration 2021),
associated outflows (GRAVITY Collaboration 2017), and the
accretion process (GRAVITY Collaboration 2020) can all be
probed on an angular scale of less than one millisecond of arc
(mas), which corresponds to a region extending a few stellar radii
around the central star at the distance of the closest star-forming
regions. On this scale, accretion in classical T Tauri stars (i.e.

* Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere under ESO pro-
grammes 106.212G.004 and 108.228Z.005.

Class II young stellar objects with M, < 2 M) occurs along
funnel flows due to the strong stellar magnetic field (=kG) that
channels the infalling gas (e.g. Bouvier et al. 2007; Romanova &
Owocki 2015; Hartmann et al. 2016). The inner disk is disrupted
at the magnetospheric or truncation radius (typically at ~5 R,.),
where the magnetic pressure of the stellar field balances the ther-
mal and/or ram pressure of the accreting matter (Bessolaz et al.
2008; Blinova et al. 2016; Pantolmos et al. 2020).

The observational evidence for the magnetospheric accre-
tion process in young stars, while quite convincing and widely
accepted, has so far been mostly indirect. It relies on measure-
ments of magnetic field strength and topology (e.g. Donati &
Landstreet 2009) and mass-accretion rate estimates (e.g. Manara
et al. 2021; Alcala et al. 2021). It is probed through a number
of spectral diagnostics, including the emission line spectrum of
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Table 1. Journal of the VLTI/GRAVITY observations.

MID Date Time (UT) Configuration N  Seeing (") 79 (ms) Calibrators
59223.12 2021-01-09  01:35-04:03 UTI1-UT3-UT4 11 0.68-1.05 2.7-5.7 HD 31464, HD 40003
59633.04 2022-02-23 00:39-01:26 UTI1-UT2-UT3-UT4 6 0.36-0.53 5.8-8.1 HD 31464, HD 40003

Notes. N denotes the number of calibrated points recorded on the target.

T Tauri stars that forms, at least in part, in the magnetic funnel
flows (e.g. Bouvier et al. 2020a), and the UV continuum excess
arising for the accretion shock at the stellar surface (e.g. Espaillat
et al. 2022). In recent years, the increased sensitivity of long
baseline interferometers has opened a new window to the star—
disk interaction region, with results that provide a direct estimate
of the extent of the magnetospheric cavity and support the mag-
netospheric accretion paradigm (GRAVITY Collaboration 2020,
2023; Bouvier et al. 2020b).

We present here the results from VLTI/GRAVITY observa-
tions of the young stellar system CI Tau. CI Tau is a 2 Myr-old
(Guilloteau et al. 2014), 0.9 M, (Simon et al. 2019) classi-
cal T Tauri star, located at a distance of 160.3 + 0.4 pc (Gaia
Collaboration 2023) in the Taurus molecular cloud. It is known
to harbour a strong, mostly poloidal magnetic field up to 3.7kG
and exhibits a variable mass-accretion rate of the order of
2x1078 M yr~! (Donati et al. 2020). On the large scale, CI Tau
is surrounded by a circumstellar disk that extends up to 200 au
on millimetre continuum images, and features a succession of
dusty rings, with gaps located at radii ~13, 39, and 100 au, sug-
gestive of on-going planet formation (Clarke et al. 2018). CI Tau
is indeed the only accreting T Tauri star for which a hot super-
Jupiter (M, = 11.3 Mjy,,) has been claimed from radial velocity
variations (Johns-Krull et al. 2016), although the planetary ori-
gin of the radial velocity signal has been questioned (Donati et al.
2020).

Our goal in using these VLTI/GRAVITY observations was
to investigate the star—disk interaction region of this intriguing
young system, to derive the properties of the dusty inner disk
on a scale of 0.1 au or less from continuum K-band visibili-
ties and phases, and to investigate the magnetospheric accretion
region through the analysis of differential interferometric quanti-
ties measured across the Bry line profile. Section 2 describes the
observations and data reduction; Sect. 3 presents the derivation
of the properties of the inner disk and of the Bry line-emitting
region through model-fitting; and Sect. 4 discusses the results
in light of the possible existence of CI Tau b, compares the
inner disk properties to the outer disk structure, and confronts
the interferometric results to magnetospheric accretion models.
Conclusions are presented in Sect. 5.

2. Observations

We observed CI Tau at two epochs on January 9, 2021, and
February 23, 2022, in the K band with the GRAVITY instru-
ment (GRAVITY Collaboration 2017), combining the four unit
telescopes (UTs) of the ESO Very Large Telescope Interferom-
eter (VLTI) installed in Paranal, Chile. This programme was
part of the GTO large programme dedicated to the young stel-
lar objects (YSO). The maximum baseline accessible with the
UTs is 130 m, which corresponds to a maximal angular resolu-
tion of 1/2Bx ~ 1.5mas at 2.2 um. Both epochs were carried
out using the single-field on-axis mode, where 50% of the flux
was sent to the fringe tracker (FT) and 50% to the scientific
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instrument (SC): the instrument tracked the fringes on the sci-
ence target itself to stabilise them at a frequency of 900 Hz
(Lacour et al. 2019), enabling a longer integration on the SC,
in particular for faint targets. Data were obtained in high spec-
tral resolution mode (R ~ 4000). GRAVITY covers a spectral
range from 1.9 to 2.4 um, including the neutral-hydrogen Bry
line at 2.1661 pm. Weather conditions were excellent during the
two nights; we recorded eleven and six 5-min long files on the
object in 2021 and 2022, respectively (Table 1). We observed two
calibrators before (HD 31464) and after (HD 40003) the observa-
tions to accurately estimate the atmospheric transfer function and
to calibrate the interferometric observables. We used the Search-
Cal tool (Chelli et al. 2016) to establish our calibrator list, which
offers a way to search for objects that are single stars, bright,
unresolved, and close to the target. Due to technical issues during
the first epoch, one of the telescopes (UT2) was down during the
observations, which reduced the number of exploitable baselines
from six to three.

The data reduction was performed using the ESO GRAV-
ITY pipeline! (Lapeyrere et al. 2014). For each file, we extracted
six (three) complex visibilities and four (one) closure phase
measurement(s) in 2022 (2021), dispersed over six spectral chan-
nels for the FT and about 1600 for the SC, respectively. With
the bluest part of the fringe tracker being contaminated by the
metrology laser working at 1.908 um, we discarded the first
channel from our analysis. Finally, we recovered the differential
visibilities and phases in the Bry line region from the SC data.
The error bars supplied by the pipeline are known to be underes-
timated and do not include residual calibration effects (Bouvier
et al. 2020b; GRAVITY Collaboration 2021). To be conserva-
tive, we refined our uncertainties by computing the total rms over
the files for both observables, yielding constant uncertainties
of 2% for the visibility and 0.7 degrees for the closure phases.
The final uncertainties being similar between the two epochs, we
adopted the same error bars for all observations. Normalising
uncertainties between our two epochs allowed us to mitigate the
effects of different weather conditions and adaptive optics cor-
rection, and to attribute the same weight to the 2021 and 2022
data sets.

3. Results

In this section, we report the method used to derive the main
properties of the emitting regions both in the K-band continuum
and across the Bry line.

3.1. The inner dusty disk
3.1.1. Geometrical model

To model the continuum complex visibility, we followed the
same approach as adopted by Lazareff et al. (2017) and
GRAVITY Collaboration (2021), which consists of representing

! https://www.eso.org/sci/software/pipelines/gravity
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the system as a three-component model: an unresolved point-like
star (s) as we were not able to resolve the stellar photosphere, a
circumstellar dusty disk (d), and a fully resolved component (h).
Each element is represented by a complex visibility function (Vj,
V4, and V}) and accounted for in the whole system by their flux
contributions (F, Fq and Fy,):

FVs + FqV4a(B/A) + FyV,
Via(BJ2) = = F"+;d+Fh hrh (1)

where V = 1 for a point source, V}, = 0 for a fully resolved com-
ponent, and B/ is the spatial frequency in rad™! at the different
baselines B and F + Fq + F, = 1. We considered wavelength-
independent flux contributions (non-chromatic model). The
extended component Vj, is commonly used to mimic the effect
of the scattered light (Pinte et al. 2008), which decreases the
visibility at the zero spatial frequency (B/A = 0). This last
component appears to contribute significantly in the case of
YSO, such as transitional disks (Lazareff et al. 2017) or T Tauri
stars (Anthonioz et al. 2015; GRAVITY Collaboration 2021). As
Lazareff et al. (2017), we modelled the dusty disk contribution by
a circular ring defined by a radius a;, an inclination i, and a posi-
tion angle PA. To describe a smooth inner rim radial profile, we
convolved the ring model by a 2D Gaussian model. In the follow-
ing, we present the convolution effect by using the ratio between
the Gaussian kernel ai and the half-flux radius a as w = ax/a in
percent.

Finally, we added a brightness azimuthal modulation along
the ring described by cosine and sine amplitudes c; and s;. This
modulation can be used to represent a non-uniform azimuthal
disk profile responsible for a non-zero closure phase signature.
In practice, ¢; and s, can vary between —1 and 1, allowing us
to drag the brightest portion (if any) around the disk in polar
coordinates.

3.1.2. Fitting strategy

For the first epoch, the FT data were not fully exploitable due
to a relatively low coherence time (~2-3 ms) that degraded the
signal-to-noise ratio significantly. To address this, we used the
SC data instead and calculated the observables averaged over
300 spectral channels, which reproduced the spectral resolution
of the FT camera (R ~ 30). For the second epoch, the weather
conditions were optimal with a coherence time around 7 ms, but
we adopted the same approach as in 2021 to get consistent results
between the two epochs.

To estimate the properties of the continuum emitting region,
we performed the fit over several steps to avoid any local y?
minima and by robustly estimating the associated uncertainties.
Since the circumstellar disk is only partially resolved by the
interferometer (V ~ 0.8), its flux contribution Fy and its size a;
are partly degenerated (Lazareff et al. 2017). To get an indepen-
dent estimate of the relative contributions of the disk and the
star in the K band, we used the near-infrared veiling measured as
described in Sousa et al. (2023). At the time of our 2021 obser-
vations, the infrared veiling amounted to ag = 0.83 + 0.04 (A.
Sousa, priv. comm.), yielding an estimate of Fy = 1/(1 + ag) =
55% around 2.2 um. To consider the star’s intrinsic variabil-
ity, we adopted a typical error of 5% on this measurement.
In addition, we independently evaluated the stellar contribution
by fitting the target’s spectral energy distribution. We collected
the photometry measurements from EPIC (B, V, and R bands,
Howell et al. 2014; Huber et al. 2017), Gaia DR3 (G, G, and
G,, bands, Gaia Collaboration 2023), and 2MASS (J, H, and

K bands, Skrutskie et al. 2003, 2006). We adopted the stellar
parameters and the visual extinction (Ay = 0.65) determined by
Donati et al. (2020) and used the accurate distance estimate from
Gaia DR3 (160.3 + 0.4 pc, Gaia Collaboration 2023). We thus
derived Fy = 55%, which is rather consistent with the veiling
measurement. We therefore used this value for the star contribu-
tion as a prior during the fitting process, with a 5% tolerance.
This additional constraint releases the degeneracy between the
ring’s size and its flux contribution.

We carried out an initial parameter search using the
Levenberg-Marquardt method?>. We estimated the geometrical
parameters with and without azimuthal modulation by using the
closure phase quantity or not. Given the lower y? values obtained
with the asymmetric case (1.6 versus 2.1 for the total x? value,
and 0.5 versus 2.9 when considering the CP only), we adopted
this model to fit the data using a Monte-Carlo Markov chain
(MCMC) approach®. We used 200 walkers for 2000 iterations
and rejected the first 1000 iterations as the burn-in time. The
1-0 uncertainty associated with each parameter was computed
from the final distribution of walkers using the 16, 50, and 84%
percentiles.

3.1.3. Inner disk properties

For the 2021 data set, the model converges towards an elongated
thin ring model with an inner rim radius of a, = 0.20 = 0.02 au.
We estimate a width-to-radius ratio w smaller than 28%, indi-
cating a resolved inner gap. The major-to-minor axis elongation
corresponds to a relatively high inclination of i = 71 + 1° at
a position angle of PA = 148 + 1° counted from north to east.
The dusty disk contribution is constant between the two epochs
(Fq = 36 + 2%) and the halo contribution remains between 8
and 10%. For the second epoch, the limited time of observation
(~1h) corresponds accordingly to a short range of spatial fre-
quencies (30 versus 75arcsec”!, see Figs. A.l and A.3). This
prevents us from resolving the inner gap (w close to 1), and
from constraining the orientation of the system in a unambiguous
way. In order to derive the lower limit of the system’s inclina-
tion for the second epoch, we performed a y*-minimum search
(see Appendix B for details). The inner dusty disk properties
are presented in Table 2. The values of inclination and posi-
tion angle for the second epoch correspond to those obtained
from the y? search (Fig. B.1). The MCMC-posterior distribution
obtained for the second epoch converges to a very high inclina-
tion (close to 90°, Fig. C.2) that prevents us from determining
the asymmetric modulation (c;, s; compatible with zero). The
inner rim radius estimate from the 2022 data set appears signif-
icantly smaller than the one derived for the 2021 data set. With
the inner gap being unresolved in 2022, the inner disk size could
be underestimated.

Figure 1 displays the best-fit model image as determined
by GRAVITY in 2021. The non-zero closure phases are con-
sistent with the presence of an asymmetry in the inner rim
located in the south-west part. The data-model comparison
and the MCMC distributions are presented and discussed in
Appendices A and C.

3.2. The Bry line-emitting region

GRAVITY’s high spectral resolution allowed us to resolve the
Bry line profile at 2.1661 pm. This spectral feature is the

2 Available with scipy (Virtanen et al. 2020).
3 Available with emcee (Foreman-Mackey et al. 2013).
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Table 2. Best-fit parameters of the K-band continuum VLTI/GRAVITY
data of CI Tau obtained in 2021 and 2022 with 1o error bars.

Parameters 2021 2022

Fq (%) 36 +2 35+5

Fy (%) 9.2+0.6 83+02
i(®) 71+1 >70

PA (°) 148 + 1 140f}g

cl 0.94f8:80‘8t -

51 —0.75f0:(1)g —

w (%) 17+ unresolved
a; (mas) 1.25+0.13 0.81+0.13
a; (au) M 0.20+0.02 0.13+0.02
a(RHP 212 14 +2

X2 1.56 0.87

Notes. ("We used the Gaia distance 160.3 + 0.4 pc. PWe adopted a
stellar radius of 2 R, (Donati et al. 2020).

Fig. 1. Model image of CI Tau’s inner disk in 2021. The position of the
star is depicted and has been removed to show the disk structure. The
upper-left inset shows the u—v coverage. The colour circles represent the
baselines: UT1-UT3 (pink), UT3-UT4 (green), and UT1-UT4 (blue).

privileged tracer of the star—disk interaction, attributed to the
magnetospheric accretion process (Hartmann et al. 1994). Fol-
lowing Weigelt et al. (2007), Kraus et al. (2008), and GRAVITY
Collaboration (2023), we computed the continuum-subtracted
observables, the so-called pure line visibilities, by using the
emission line profile provided by GRAVITY. This differential
observable is only sensitive to the Bry emitting region and it
removes all contributions from the star and disk, assuming no
photospheric absorption is present in the line region, which is
adequate for cooler T Tauri stars. The pure line visibility Vjje(2)
was computed as follows:

Fric(D) V1) = Veont
Frc() -1
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VLine(/l) = s (2)
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Fig. 2. Bry line observables. Top: normalised spectral line profile
averaged over the four telescopes with GRAVITY. Bottom: differen-
tial visibilities from the UT1-UT4 baseline of the CI Tau observation
in 2021. The small blue dots and error bars represent the total visibil-
ity. The larger coloured dots indicate the pure line visibilities after the
subtraction of the continuum contribution (see Eq. (2)). The continuum
estimate and the associated uncertainty are shown as red dashed lines.
The Gaussian model used to fit the total visibility is represented as a
blue line.

where Fi,c denotes the total line-to-continuum flux ratio as
taken from the normalised spectrum (Fig. 2), Vo is the visi-
bility computed in the continuum, and Vqq, is the total complex
quantities measured by GRAVITY.

In order to enhance the signal across the Bry line, we com-
bined the 11 files available for the first epoch in 2021. The
u-v plane rotation occurring during the observational sequence
remained relatively small (<10 degrees) and thus the files could
be combined without degrading the scientific signal signifi-
cantly. Unfortunately, the data quality in 2022 was not sufficient
to reach the required signal-to-noise ratio to detect the differen-
tial signal. Figure 2 presents the Bry emission line profile, the
total differential visibility, and the extracted pure line visibil-
ity. A significant signal was only detected for the most extended
baseline (UT1-UT4, 126.16 m) with a 3-o detection in the vis-
ibility amplitude. We did not detect any significant differential
phase signals for either epochs or baselines.

The pure line visibilities across the Bry line profile range
from 0.90 to 0.93, indicating a more compact emitting region
than the inner disk seen in the continuum. In order to estimate the
characteristic size of the Bry emitting region, we averaged the
five pure line visibilities over the spectral channels and derived
a unique visibility measurement of Vg, = 0.92 +0.03. Based on
a simple geometric Gaussian disk model (Berger & Segransan
2007), we extracted the half-flux radius — or half width half
maximum (HWHM) — corresponding to V. Figure 3 presents
the visibility curve of a 2D Gaussian model compared to the
extracted pure line visibility. The visibility uncertainty of 0.03
is directly reported on the visibility curve model (blue shaded
area), which yields asymmetric errors on the half-flux radius
estimate. We thus derived a Bry emission region radius of Rg,, =

0.28*005 mas, which corresponds to 0.045*)008 au at the dis-

tance of CI Tau, or 4.8*"5 R, for a stellar radius of 2 R. The
Bry emitting region is thus significantly more compact than the
continuum disk radius.
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Fig. 3. Comparison between the observed Bry visibility (orange dot)
and a visibility curve predicted for a Gaussian disk model of the emitting
region (blue curve). The blue shaded area depicts the uncertainty on the
size relative to the visibility error.

3.3. Mass-accretion rate and truncation radius

To estimate the instantaneous mass-accretion rate at the time
of GRAVITY observations, we computed the Bry line lumi-
nosity and used the line-to-accretion luminosity relations from
Alcald et al. (2017). We measured the equivalent width of the
Bry line on the GRAVITY spectrum, EWg;,, and estimated the
extinction-corrected nearby continuum flux from the 2MASS K-
band magnitude (Skrutskie et al. 2006). With EWg,,, = 7.9 £
0.4A and a continuum flux of 3.3 x 10713 Wm™2 um‘l, we
derived a line luminosity of (2.07 + 0.10) x 10™* L, at 160.3 +
0.4pc.

The accretion luminosity could then be derived from the
following empirical relationship (Alcald et al. 2017):

Lacc LLme
1og( L. ) log( L. ) + b, 3)

witha = 1.19 £ 0.10 and b = 4.02 + 0.51. Finally, the accretion
luminosity could be converted into an instantaneous mass-
accretion rate using the following relation (Hartmann et al.
1998):

-1
R, R,
Loce ——, 4
RBW) CGM, @)

Macc = (1 -
which assumes that the energy released by the infalling mate-
rial confined within the magnetosphere is entirely converted into
accretion luminosity. Adopting the GRAVITY size of the Bry
emitting region Ry, = 4.8 R, for the magnetosphere radius, we
derived a mass-accretion rate of My = 3.973281078 Mg yr!
(log(Myee) = 7.4 £ 0.6).

The size of the magnetospheric accretion region, charac-
terised by the magnetic truncation radius Ry, is driven by
the strength of the magnetic field and the mass-accretion rate
(Hartmann et al. 2016):

R B4/7R12/7
o =126, (5)
o] Mys M~

where B is the surface field strength of the dipolar magnetic field
at the stellar equator in kG, R; is the stellar radius in units of
2 Ro, Mys is the stellar mass in units of 0.5 M, and M_g is the
mass-accretion rate in units of 1078 Mg yr™!

Using the stellar parameters of CI Tau reported by Donati
et al. (2020) for a magnetic field of 0.85kG*, a stellar radius
of 2.0 + 0.3 Ry, a mass of 0.90 + 0.02 M, (Simon et al. 2019),
and the mass-accretion rate derived from Eq. (4), we computed
a truncation radius Ry = 3.6 + 1.5R,, in agreement with the
interferometric half-flux radius derived above for the Bry line-
emitting region. We therefore conclude that most of the Bry
emission originates from the magnetospheric accretion region.

4. Discussion

The high spatial and spectral resolution of GRAVITY allowed us
to detect and characterise the inner region of the CI Tau system
with an unprecedented precision. Figure 4 illustrates the charac-
teristic sizes of the system. In this section, we discuss how the
GRAVITY results shed light on the global structure of the inner
system.

4.1. The inner dust cavity

The continuum analysis of the two epochs of observation yields
an inner dusty rim located between 14 and 21 R, from the cen-
tral star. This direct measurement appears to be significantly
higher than the estimate of the dust sublimation radius. The K-
band emission of T Tauri stars is supposed to be dominated by
the directly irradiated front of the dusty disk rim (Dullemond
& Monnier 2010). For a given stellar luminosity, we assessed
the radius corresponding to the thermal equilibrium of the dust
grains to remain under the sublimation temperature at 1500 K
for silicates. We used the relation from Monnier & Millan-Gabet
(2002) to determine the sublimation radius (Ry,,) in au:

1500
Ryp =1.1
w = 1.1VOr \/ 1000 L@ Sub (6)

with Qg being the absorption efficiency ratio of the dust between
the incident and re-emitted field, and T, the sublimation tem-
perature. Monnier & Millan-Gabet (2002) determined that the
absorption efficiency Qg depends on the dust properties and the
effective temperature of the central star. For an effective tem-
perature of 4200 K (Donati et al. 2020) and a typical grain size
distribution ranging from 0.03 to 1 um, Qg ranges from one to
four. For a stellar luminosity of 1.26 Lg (Donati et al. 2020), the
1500 K sublimation radius ranges from 0.04 to 0.08 au, that is
4.3-8.6 R,.. The inner disk rim location we derived is therefore
at least two times farther than the sublimation radius (see Fig. 4),
when considering a sublimation temperature of 1500 K.

One potential explanation for an extended inner dust cavity
is the presence of a hypothetical close-in planet. CI Tau is so
far the only Class II pre-main sequence star claimed to host a hot
Jupiter, CI Tau b, with a mass of ~11.3 Jupiter mass (Johns-Krull
et al. 2016; Flagg et al. 2019). If such a planet exists, it could
significantly affect the inner region of the disk. Muley & Dong
(2021) demonstrate that a massive candidate planet orbiting at
0.08 au leads to the formation of an inner gap ranging from 0.1
to 0.2 au depending on the eccentricity of the planet, which is
fully compatible with our observation.

4.2. The inner and outer disk misalignment

Young stellar objects such as the CI Tau system harbour a large
outer disk structure. Clarke et al. (2018) retrieved the geometrical

4 We used the polar magnetic field value of 1.7kG divided by two to
retrieve the value at the equator.
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Fig. 4. Schematic view of the innermost region of the CI Tau system. The sizes and their uncertainties derived from the GRAVITY observations
are represented for the Bry emitting region (blue circle) and for the K-band continuum (orange circle). The purple circle (and shaded area) depicts
the truncation radius and its uncertainty derived from the GRAVITY Bry emission line (Sect. 3.3). Additional characteristic scales associated with
YSO are depicted: the sublimation radius (R, pink line) for a range of absorption Qr from one to four and the co-rotation radius (R, green
line). The stable-unstable magnetospheric accretion regimes are indicated with a boundary around 70% of the R, (Blinova et al. 2016).

properties of CI Tau’s outer disk on a scale from 1 to 100 au using
the Atacama Large Millimeter/Submillimeter Array (ALMA).
The outer disk consists of multiple rings seen at an inclination
of ioy = 50° and a position angle of PA,, =~ 11° from north to
east. In comparison, the inner disk orientation we derived from
GRAVITY features i;, ~ 70° and PA;, = 148°. The two disks
thus appear significantly misaligned. Such a misalignment has
been recently reported on a few targets among a large sample of
YSO (Bohn et al. 2022).

Following Min et al. (2017) and Bohn et al. (2022), we could
thus measure the misalignment angle between the inner and
outer disks as follows:

AO(iin, PAin, iout, PAout) = arCCOS[Sin(iin) Sin(iout)
X cos(PAj, — PAoy) (7
+ cos(ijn) coS(iour)].

The misalignment angle A6 corresponds to the angle between
the two normal vectors defined by the planes of the inner and
outer disk. Additionally, we do not know which side of the inner
disk is closest to the observer. Two misalignment angles could
therefore be calculated, namely A8; ~ 109 or A6, ~ 42° for
CI Tau. In both cases, the inner and outer disks appear to be
significantly misaligned. While such a significant misalignment
may induce a shadow projected onto the outer disk (Bohn et al.
2022), such a shadow is not detected in scattered light images of
CI Tau’s disk (Garufi et al. 2022).

Various physical processes can induce a substantial mis-
alignment between the inner and the outer disks. Gravitational
torques caused by the presence of low-mass (Arzamasskiy et al.
2018) or high-mass (Xiang-Gruess & Papaloizou 2013) planets
can force the precession of the inner disk, and physically dis-
connect it from the outer disk. For the massive case (>1 Myp),
if the companion’s angular momentum is significantly greater
than the disk one, the inner disk can gain a warped inner struc-
ture with an inclination of up to ~20° relative to the outer part.
Recent 3D simulations reinforce this assumption for planets mas-
sive enough to carve gaps (Nealon et al. 2018). Inner-outer disk
misalignments are not only observed as a consequence of mas-
sive companions. Differential angular momentum across the disk
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can induce a tilt between the spin vectors of the various compo-
nents (star, inner and outer disks; Epstein-Martin et al. 2022).
The magnetic star—disk interaction can also warp the close-in
region and be responsible for an inclined inner disk, up to 40°
inclination, with respect to the stellar-spin axis (Romanova et al.
2021). Finally, an external infall of gaseous material could affect
the outer disk region and induce a misalignment (Kuffmeier
et al. 2021). A detailed review of the misalignment processes
and shadowing effects is provided in Benisty et al. (2022).

4.3. The magnetospheric accretion region

From the exquisite precision of the differential visibilities
achievable with GRAVITY, we were able to spatially resolve
the characteristic size of the Bry line-emitting region. With a
half-flux radius of 0.045f8:88§ au, a large fraction of the Bry
line emission appears to originate from a region extending over
4.8798 R, around the star.

A quantitative comparison between the Bry half-flux radius
and the co-rotation radius can be used as a simple criterion to
determine the physical origin of the observed Bry line emission.
If the Bry emission appears as a compact source, smaller than
the co-rotation radius, the origin is consistent with the magne-
tospheric accretion scenario. In contrast, if the Bry emission is
significantly larger than the co-rotation radius, other mechanisms
such as disk winds or outflows are likely to contribute to the
observed Bry profile (GRAVITY Collaboration 2020). The co-
rotation radius is defined as the one where the angular velocity

of the rotating disk matches the angular velocity of the star:
Reor = (GM )P (Proy/20)°F. ®)

For a rotational period of Pt = 9.00 £+ 0.05 days (Donati et al.
2020) and a mass of 0.90 + 0.02 M, (Simon et al. 2019), we
computed a co-rotation radius of R.oy = 8.8 = 1.3 R,

We find here that the Bry half-flux radius is significantly
smaller than the co-rotation radius, which argues in favour of
most of the line flux arising from the magnetospheric accretion
process. Furthermore, based on spectro-polarimetric magnetic
field measurements, Donati et al. (2020) estimated a range of
values between 3.7 and 6.3 R, for the magnetospheric trunca-
tion radius of CI Tau, which is consistent with our GRAVITY
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measurement of 3.6 + 1.5 R,. We caution, however, that the
interferometric Bry half-flux radius derived from a 2D Gaussian
model may underestimate the full extent of the magnetospheric
accretion region (Tessore et al. 2023).

From our truncation radius estimate (Sect. 3.3), we derived
a ratio of Ry/R.o; = 0.41 + 0.18 and the system will likely be in
an unstable accretion regime (Ry/R.o:< 0.7, Blinova et al. 2016).
In magnetic star—disk interactions, unstable accretion is the out-
come of an interchange instability where the gas penetrates the
stellar magnetosphere through equatorial tongues (Romanova
et al. 2008) in addition to the stable funnel flows (i.e. stable
accretion). Such accretion tongues are expected to deposit matter
at random places on the stellar surface, usually close to the stellar
equator, a feature that can possibly explain the stochastic photo-
metric behaviour of the system known as a burster (Roggero et al.
2021; Cody et al. 2022).

5. Conclusion

We have used the VLTI/GRAVITY instrument to probe the
innermost scales of the young system CI Tau. Investigating the
K-band spectral domain at high spectral resolution has allowed
us to study the system in the continuum to probe dust emission
and within the Bry line to trace gas emission simultaneously.
Below, we summarise our major results.

(i) From the continuum analysis, we report the detection of a
highly inclined resolved inner disk, whose inner edge is located
at a distance of 21 + 2 R, from the central star. The measured
inner rim position seems to be significantly farther than the
theoretical sublimation radius (4-8 R, for a typical sublimation
temperature of silicates of 1500 K), a result which might support
the presence of a close-in massive planetary companion.

(i1) The inner disk exhibits a strong misalignment relative to
the outer disk seen at submillimetre wavelengths with ALMA.
Such a misalignment could be induced by magnetic warp-
ing or by gravitational torques induced by a close-in massive
companion.

(iii) We constrained the half-flux radius of the Bry emitting
region to be at a distance of 4.8 R, from the central star, which is
consistent with the magnetospheric accretion paradigm. The Bry
size is significantly smaller than the co-rotation radius, which
leads to an unstable accretion regime, presumably at the origin
of the stochastic photometric variability of the system.

The interferometric precision achievable today with GRAV-
ITY at the VLTT has allowed us to characterise the inner scales of
the CI Tau system with an unprecedented sensitivity. Given the
high variability of this system, a temporal follow-up represents
the most promising opportunity to investigate the dynamics of
the star—disk interaction process, and to ascertain the origin of
the Bry emission. This work represents a first step to understand
the star-planets-disk interactions occurring on sub-au scales in
YSO.
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Appendix A: Data-model comparison

In this appendix, we present the results and data-model com-
parisons of the MCMC posterior determination of the K-band
continuum geometrical model for the two epochs of observa-
tions. Figures A.l, A.2, A3 and A.4 show the comparison
between the best-fitted model and the data for the squared visi-
bilities and closure phases, respectively. The visibilities indicate
a resolved structure (V2 < 0.8), while the non-zero closure phase
(< 2°) points to an asymmetric environment. The small tilt of the
shortest baseline compared to the middle-range baseline suggests
an inclined object, as retrieved by our image model (Fig. 1).

0.9
0.8 99,09 e e @ @
& TR A RSR 3
» ® S
()
[) e ]
Y 07 o De
—A— MODEL (x? =1.93)
0.6 Wavelenght [um]
2,089
® 2168
05 @ 2247
@ 2327
0.4
5° .
» 050,0° o%o RO
= ) X
] 09 83%00Y Cote A4S 0@
S 0 029 W) e o Jofe ote’ g @
3 ORI ) 0 (o 00 ©
'0‘3) ° () .u.. ® 9% ¢ 3.. ()
& 5
100 125 150 175 200 225 250 275 300

Sp. Freq. [arcsec™?]

Fig. A.1. Comparison of the best-fitted model with the squared visi-
bilities for epoch 1. The colours illustrate the wavelengths of the four
spectral channels used to fit the K-band continuum. The model is pre-
sented in orange. The lower panel shows the residuals compared to 1-o,
2-0-, and 3-0 relative errors.
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Fig. A.2. Comparison of the best-fitted model with the closure phases
for epoch 1. Same description as in Fig. A.l. It is important to note
that we present only one closure phase triangle due to the missing UT2
during the observations.

Appendix B: y*-search uncertainty refinement

Figure B.1 shows the y? data-comparison values for a range of
inclination (i) and the position angle (PA). This conservative
method allows us to give a lower limit on the inclination param-
eters, not well constrained by the MCMC-posterior estimation
due to the limited range of spatial frequencies covered during
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Fig. A.3. Same description as in Fig. A.1, but for the 2022 data set.
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Fig. A.4. Same description as in Fig. A.2, but for the 2022 data set.

the second epoch (30 versus 75 arcsec™! in 2021). The two u-v
coverages are presented in Figure B.2 and B.3. When using the
reduced y? as a limiting factor, we considered fully correlated
error bars on the data. This method tends to overestimate the
errors associated with the physical parameters we aim to con-
strain. In our case, the system orientation is consistent with a
high inclination (i > 70°) at a position angle in agreement with
our 2021 estimate.
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Fig. B.1. y?-curve search around the MCMC-posterior results of the
second epoch in 2022. Left: Inclination between 50 and 90°. Right:
Position angle between 120 and 170°. The orange vertical line denotes
the posterior mean value. The orange shaded area represents the 1-o
uncertainty corresponding to y? + 1.
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Fig. B.2. Fourier coverage obtained for the 2021 epoch.
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Fig. B.3. Fourier coverage obtained for the 2022 epoch.

Appendix C: MCMC posterior distribution

Figure C.1 and C.2 show the final posterior distribution of walk-
ers corresponding to 200,000 individual iterations. The MCMC
fit converges towards a unique model of an inclined thin disk
for the first epoch (2021). The parameters estimations are pre-
sented in Table 2. In 2022, the posterior distribution did not
allow us to determine the system inclination or the width-radius
ratio (w) unambiguously. The one-hour time range observation
available in 2022 does not offer sufficient rotation of the u-v cov-
erage to derive these two parameters accurately, contrary to the
three-hour range time achieved in 2021. The ratio w close to one
indicates that we are not able to constrain the gap size reported
in 2021. Additionally, the modulation parameters c; and s; are
compatible with zero. Nevertheless, we are able to deliver strong
constraints on the half-flux radius of the disk, the position angle,
and components’ contributions (see Table 2).
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Fig. C.1. Final distribution of parameter values deduced from the MCMC computation for the 2021 data. The standard percentiles were used to
derive the mean values and the uncertainties.
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Fig. C.2. Same as Fig. C.1, but for the second epoch in 2022.
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