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ABSTRACT

Context. The region of protoplanetary disks closest to a star (within 1-2au) is shaped by a number of different processes, from
accretion of the disk material onto the central star to ejection in the form of winds and jets. Optical and near-IR emission lines are
potentially good tracers of inner disk processes if very high spatial and/or spectral resolution are achieved.

Aims. In this paper, we exploit the capabilities of the VLTI-GRAVITY near-IR interferometer to determine the location and kinematics
of the hydrogen emission line Bry.

Methods. We present VLTI-GRAVITY observations of the Bry line for a sample of 26 stars of intermediate mass (HAEBE), the
largest sample so far analysed with near-IR interferometry.

Results. The Bry line was detected in 17 objects. The emission is very compact (in most cases only marginally resolved), with a
size of 10-30 R.(1-5 mas). About half of the total flux comes from even smaller regions, which are unresolved in our data. For eight
objects, it was possible to determine the position angle (PA) of the line-emitting region, which is generally in agreement with that
of the inner-dusty disk emitting the K-band continuum. The position-velocity pattern of the Bry line-emitting region of the sampled
objects is roughly consistent with Keplerian rotation. The exception is HD 45677, which shows more extended emission and more
complex kinematics. The most likely scenario for the Bry origin is that the emission comes from an MHD wind launched very close to
the central star, in a region well within the dust sublimation radius. An origin in the bound gas layer at the disk surface cannot be ruled

out, while accreting matter provides only a minor fraction of the total flux.
Conclusions. These results show the potential of near-IR spectro-interferometry to study line emission in young stellar objects.

Key words. techniques: interferometric — circumstellar matter — stars: formation — stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

Protoplanetary disks are ubiquitous around young stellar objects
of very different mass. In recent years, high spatial resolution
observations at infrared and millimetre wavelengths have shown
that protoplanetary disks are not smooth and homogeneous but
show a variety of structures, from gaps to rings to spirals and
vortices (Garufi et al. 2018; Andrews 2020). However, very little
is known of the inner disk, within 1-2 au from the central star,
due to the high angular resolution required to spatially resolve
this region.

The inner disk of young stars is shaped by a number of dif-
ferent processes. As matter in the disk accretes onto the central

* GRAVITY is developed in a collaboration by the Max Planck Insti-
tute for Extraterrestrial Physics, LESIA of Paris Observatory and IPAG
of Université Grenoble Alpes / CNRS, the Max Planck Institute for
Astronomy, the University of Cologne, the Centro Multidisciplinar de
Astrofisica Lisbon and Porto, and the European Southern Observatory.

star, it is expected that a significant fraction will be ejected in
magneto-hydrodynamic (MHD)-driven and/or photoevaporative
winds, with specific mass-loss rates peaking in the inner disk
(e.g. Pascucci et al. 2023; Lesur et al. 2022). Observations of
evolved stars have demonstrated that planets can be located
in the very inner regions of disks. Disentangling and charac-
terising these processes is necessary if we want to understand
the inner disk properties and their link to planet formation
and evolution.

Studying the inner disk requires milli-arcsecond (mas) spa-
tial resolution, which is only achievable with optical interfer-
ometry. The analysis of available interferometric data has so far
shown that the near-IR continuum emission is dominated by the
emission of dust near the sublimation radius, with some con-
tribution closer to the star, whose origin remains unidentified
(Millan-Gabet et al. 2007; Kraus et al. 2008; Benisty et al. 2010;
Menu et al. 2015; Lazareff et al. 2017; GRAVITY Collaboration
2019, 2021a,b; Davies et al. 2020; Marcos-Arenal et al. 2021).
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Optical interferometry provides information not only on the
continuum emission but also on some emission lines. In partic-
ular, the Very Large Telescope Interferometer (VLTI) K-band
beam combiner GRAVITY and its precursor, VLTI-AMBER,
cover the hydrogen recombination line Bry. The origin of the
hydrogen emission lines commonly detected in young stars is
usually associated with the presence of circumstellar material
such as the surface of the accretion disk itself and/or accreting
and outflowing gas. In TW Hya, the closest T Tauri star (d~60
pc), GRAVITY-VLTI Bry observations have shown that the line
traces the emission of the accretion columns and provided a
direct confirmation of the magnetic accretion models for T Tauri
stars, where the size of the accretion region is directly related to
the strength of the stellar magnetic field and the mass-accretion
rate (GRAVITY Collaboration 2020b). In more distant T Tauri
star objects, we expect that the current optical interferometers
will not reach the spatial resolution required to resolve the
magnetosphere (GRAVITY Collaboration 2017b, 2022; Bouvier
et al. 2020). Furthermore, existing studies on more luminous
Herbig AeBe stars have shown that most of the emission of the
Bry line originates in a wind, with a possible minor contribution
from unresolved emission from the accreting gas (Weigelt et al.
2011; Garcia Lopez et al. 2015, 2016; Caratti o Garatti et al.
2015; Hone et al. 2017, 2019; Kreplin et al. 2018). So far, only
very few objects have been studied in detail (namely, MWC297,
HD 163296, HD 98922, VVSer, HD 58647). However, these
studies have proved that it is possible to use interferometric data
to constrain the wind’s physical properties (e.g. mass-loss rate)
and kinematics and directly test wind models.

This paper presents the results of a survey of 26 intermediate-
mass stars (HAEBE) observed in the Bry line with VLTI-
GRAVITY. The objects cover a mass range between ~1.5 and
~7 M, and represent the largest sample studied so far. The obser-
vations and data reduction procedure are described in Sect. 2.
Section 3 presents the properties of the stars in the sample.
Section 4 describes the results obtained from the interferometric
observations, namely, the size of the Bry line-emitting region, its
position angle on the plane of sky, and the position-velocity dia-
grams. Section 5 is dedicated to a discussion of the results and of
the constraints they set on current models of the line emission.
Section 6 follows with a summary and conclusions.

2. Observations and data reduction

The data in this paper were collected using the European
Southern Observatory (ESO) VLTI-GRAVITY (GRAVITY
Collaboration 2017a) as part of the Guaranteed Time Observa-
tions (GTO) program. Most of our targets were observed using
the four 1.8-m Auxiliary Telescopes (ATs), with the only excep-
tion being HD 36917, for which unit telescope (UT) data are
presented. The different datasets shown in this paper were col-
lected during a period of four years (2017-2021). A full log of
the observations can be found in Table A.1.

The GRAVITY spectro-interferometric  signals were
recorded on six baselines simultaneously using the fringe
tracker (FT) detector at low spectral resolution (six spectral
channels) and the scientific (SC) detector at a resolution of
R ~ 4000. Typical integration times of 10s—30s were used
for the SC data, with each observation file corresponding to
300s-360s. The FT uses much shorter integration times, with
frame rates ranging from ~300 Hz to ~900 Hz. To calibrate the
atmospheric transfer function, a minimum of one interferometric
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calibrator has been observed per target. The calibrator was
observed immediately after or before the science target at a sky
location very close to that of the science target (see Table A.1
for a full list of the calibrators used in this study).

The data have been reduced using the GRAVITY data
reduction pipeline (Lapeyrere et al. 2014). The GRAVITY obser-
vations provide the following interferometric observables: the
K-band spectrum, six spectrally dispersed visibilities and differ-
ential phases, and four spectrally dispersed closure phases. The
wavelength calibration of the SC high-resolution (HR) observa-
tions was refined by using the many telluric lines present in the
K-band spectrum. In addition, the calibrator spectra were used to
correct the observed spectra for the atmospheric telluric features,
atmospheric transmission, and instrumental response.

In this paper, we focus on the HR SC observations to
constrain the properties of the Bry line-emitting region in
our sample. The FT observations used to probe the inner dust
rim in the K-band continuum have been presented in GRAVITY
Collaboration (2019). The four interferometric variables in
the Bry region are shown for all the stars in the sample in
Figs. B.1-B.8.

3. Sample

Our sample consists of 26 Herbig AeBe stars with effective
temperatures ranging from ~6000K to ~16 000K, and stellar
luminosities from ~12 Ly to ~1900 L,. The main properties of
our sample are reported in Table 1. Additional details can be
found in GRAVITY Collaboration (2019).

In order to avoid spurious effects due to line and/or contin-
uum variability, datasets as close in time as possible have been
selected, ideally including data obtained with different configu-
rations acquired during the same observational campaign (a few
weeks apart). In the case of data acquired in different epochs, we
excluded datasets showing evident line and/or continuum vari-
ability. Variability studies will be performed in separate papers
(see e.g. GRAVITY Collaboration 2021c).

Of the original sample of 26 stars, nine showed no or very
faint Bry emission, even after correcting for the underlying
photospheric absorption line (see Sect.4.1). These targets are
marked with a star symbol in Table 1 and were omitted from
further analysis.

4. Results
4.1. HI Bry line spectral signal

The spectrum of pre-main sequence intermediate-mass stars is
usually characterised by bright H1 Bry line emission from cir-
cumstellar material, namely, accreting and outflowing gas and/or
the heated surface of the accretion disk itself. Independent of the
origin of this emission, the interferometric observables across
the line also have contributions from the stellar photosphere and
the continuum cicumstellar emission. The total observed flux
across the line can be expressed as

F(/l)lot = Fysk + F(/l)* + F(/l)circ, (l)

where Fgig is the continuum disk emission, F(A), is the pho-
tospheric component, and F(A). is the circumstellar Bry line
emission.

Over our narrow wavelength range, the continuum disk cir-
cumstellar emission is constant with wavelength. However, the



Table 1. Properties of the sample.
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4@

V®

K@

vsini®

(e)

Name Ts®  logg®  logL,@ M@ logL,..@ A© Urad
(pe) (K)  (cms™) (Lo) (Mo) (Lo) (mag) (mag) (mag) (kms™') (kms™)

[1] HD 37806 28 10500 40 207919 301093 14601 79 013 56 12070 47
[2]  HD 38120 405 10700 40 172930 23798 124497 91 021 72 970 28
(3]  HD 45677 620 16500 40 28802 4727019 2074016 74 057 45 200 2
[4]  HD 58647 319 10500 33 24400 38708 101 68 037 54 118+4
[5]  HD 85567 1023 13000 3.5 32801 679°M6 268014 g5 089 58 313
[6] HD 95881 1168 10000 32 31392 70202 23700 83 072 57 50 36
(7] HD 97048 185 10500 43 176'02  240°01 11913 84 090 59  140£20 I8
(8]  HD 98922 689 10500 3.6 3207011 7I706T 2444013 67 009 44 503 0
[9] HD100546 110 9750 43 13709 20619 097014 67 000 57 605 9
[10] HD 114981 705 16000 3.6 331°013 64609 1867016 72 015 74 239+13 -50+11
[11] HDI35344B® 136 6375 40 094713 1677018 00902 87 053 76  82%2 0
[12] HD139614% 135 7750 43 08609 161%% 00492 84 020 67  24+3  0x2
[13]  HD 141569 11 9500 42 234006 21600 035:021 71 038 66 228410 ~—12+7
[14] HD142527%) 157 6500 39  139%9% 22602 06501 83 000 50 35
[15] HD 142666®) 148 7500 40 L1471 1697013 00572 88 095 61  65+3  —7+3
[16] HD144432% 155 7500 40 LIS 1747013 03892 82 048 59 794 33
[17] HD 144668 161 8500 37 195905 207017 13304 75 0g7 44  199+11 -10+8
[18] HD 145718% 153 8000 44 L1010 167909 0043 88 123 67  113£3  -4=2
[19] HD 150193 151 9000 40 150713 20501 0830177 88 180 53 1085 -5+4
[20] HD 158643 123 9800 36 222920 335079 130716 48 000 43 256 -1
[21] HD 163296 102 9250 43 136793 2047007 06208 68 037 46 12948  —9+6
[22] HD169142%) 114 10700 40 131702 200905 059715 82 102 64  48+2  0=2
[23] HD 179218 266 9500 39 197007 286016 10803 78 033 58  69+3  15+2
[24] HD 190073 870 9750 34 2.84%016 5607 31018 77 020 57 08 0
[25] HD259431 721 14000 43 29707 52t18 2434014 g7 11 57 83x11  26+8
[26] V18180ri™ 695 13000 2.96i8:§3 5.33:? 11.0 3.72 6.0 46 + 10 26

Notes. @Distance, effective temperature, surface gravity, stellar luminosity and mass, and accretion luminosity from Vioque et al. (2018);
Wichittanakom et al. (2020). ?)Visual magnitude from CDS-Simbad. ) Visual extinction from Vioque et al. (2018). ®2MASS K-band magnitude.
@ysini and radial velocity from Miroshnichenko et al. (2001); Guimardes et al. (2006); Kharchenko et al. (2007); Montesinos et al. (2009);
Alecian et al. (2013); Ilee et al. (2014). *®Sources for which Bry emission was not detected above 10% of the continuum.

contribution from the stellar phostosphere is wavelength depen-
dent, as Herbig AeBe stars have strong and wide Bry line
photospheric absorption features (Gray & Corbally 1998). To
derive the values of the three components, we followed the pro-
cedure described in Garcia Lopez et al. (2006). Firstly, synthetic
spectra were created for each star using the Castelli & Kurucz
(2003) grid of models' along with the appropriate values of
the effective temperature (7T.g), surface gravity (g), and vsini
as reported in Table 1. For the case of HD 142527, where no
vsini value is reported in the literature, a typical vsini value of
100km s~! was assumed. The synthetic spectra were smoothed
to the GRAVITY spectral resolution of 4000. The source radial
velocity (see Table 1) was also taken into account to avoid shifts
between the observed and synthetic spectra for nearly all our
sources, with the exceptions being HD 58647 and HD 85567, as
no radial velocities were available in the literature.

I https://wwwuser.oats.inaf.it/castelli/

Under the further assumption that the stellar photosphere
dominates the V-band magnitude of the source, given the
spectral type and extinction, the photospheric component was
computed for each star, corrected for the K-band continuum, and
removed from the observed spectrum. The amount of correction
to the observed Bry line depended on the infrared continuum
excess of the source. Sources with little continuum excess are
more affected by the correction, whereas sources with a high
amount of excess did not show significant changes in the Bry
line flux.

The observed Bry lines are shown as black solid lines in
the top panels of Figs.B.1-B.22, whereas the photospheric-
corrected Bry line profiles are shown as blue dashed lines.
After photospheric correction, most sources show a triangu-
lar Bry line shape profile, with the exception of four sources
(HD 58647, HD 114981, HD 141569, and HD 158643), which
have double-peaked line profiles, indicative of rotating emission
regions.
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4.2. Continuum-subtracted Bry line visibilities and differential
phases

As in the case of the Bry line flux, we computed the line visibility
and differential phase by removing the contribution of the other
components. The observed visibilities across the line (V(A))
have contributions from the circumstellar disk continuum (Vg;g),
the photospheric component (V(1).), and the circumstellar Bry
line emission (V(A)cr). The relation between these quantities
can be expressed in a simple way in two extreme cases: when
the differential phase is negligible (diff. phase <5°-10°) or when
the photospheric flux is negligible with respect to the circumstel-
lar continuum emission (i.e. Fio/Fgisk 220%). In the first case,
we have

V(/l)tolF(/l)tot = Vdisdeisk + V(/l)*F(/l)* + V(/l)circF(/l)circ (2)

and

F (Dot
F (/l)circ

F).
Vg O

Fgisk

V(Deire = V(Drot F()q

— Vdisk

We further assumed that the central star is not spatially resolved
(i.e. point-like; V(1),=1) and measured Vs from the observed
visibility adjacent to the line Viy:

“4)

In the second case, if the photospheric flux is negligible at all
wavelengths but the differential phase (®) is larger than 5°-10°,
Eq. (2) is replaced by (Weigelt et al. 2007):

V(Deire F(Deire =V (Dot F(Drorl® + [Vaisk Faiskl*

12 )
= 2V(DrorF (Drot Vaisk Faisk cos D)/~

Figures C.1-C.2 show the value of V(1) calculated for all
the lines at zero velocity by averaging the signal over the three
central points. In the case of the continuum observables, the
visibilities and flux values were measured in the nearest line-
free wavelength interval. The continuum-subtracted visibilities
were computed only for sources where the flux of the peak of
the circumstellar Bry line is larger than 10% of the continuum
flux (16 sources). The errors on the continuum-subtracted vis-
ibilities were calculated by propagating Egs. (2) and (5). As a
conservative value, the rms at continuum wavelengths close to
the line position was considered as the error for the total and
continuum visibilities and differential phases. The level of the
continuum visibilities is shown as a dashed line in the figures of
Appendix B.

By examining the dependence of V()i as a function of the
spatial frequency some information about the spatial extent of
the Bry emission can be obtained without any assumption on
the geometry of the brightness distribution. In general, interfer-
ometry deals with two extreme behaviours in the dependence of
V(A)cire versus the projected baseline length (PBL). On the one
hand, for a given PBL, an object is resolved if its angular size
(in units of radians) ® > 1/2 A/PBL. In this case, visibilities will
drop with an increasing baseline. The opposite extreme case is
that of an unresolved object (i.e. point source). In such a case,
the visibilities are equal to one and constant over all baselines.
In most cases, however, interferometry deals with marginally
resolved objects. This means that there is a drop in the visibil-
ity values with baseline but without fully resolving the object.
In this case, the size of the object is a fraction of the PBL/A
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(see e.g. Monnier 2007; Lachaume 2003, for a more formal
treatment). This scenario could be even more complex when
several morphological components are traced by the visibilities
(e.g. the overlap of an over-resolved component, a resolved or
marginally-resolved component, and a point source).

In our case, Figs. C.1 and C.2 show that most of our objects
are marginally resolved as V(). drops with baseline length.
Only two objects (namely, HD 114981 and HD 141569) show
a constant V(A).i.=1, within the errors, indicating that they are
unresolved. In order to derive further information about the
size and geometry of the marginally resolved Bry line-emitting
region, geometric modelling is needed. A detailed analysis is
discussed in Sect. 4.3.

As for the line visibilities, the continuum contribution can
also be subtracted from the differential-phase signal across the
line. Following Weigelt et al. (2007), the continuum-subtracted
differential phase (A®) can be written as

IF (Dot V(Do

SIH(A(D(/D) = Sln(q)(/l)) : |F(/l)circ V(/l)circ| ’

(6)

where ¢ is the observed differential phase. The continuum-
subtracted differential phases were computed for all the sources
where a differential-phase signal was detected above the rms
noise in the adjacent continuum (eight sources).

4.3. The size of the Bry line-emitting region

The size of the Bry line-emitting region was derived using a
Bayesian approach by means of Markov chain Monte Carlo
(MCMC) methods. The MCMC method is preferred over ordi-
nary least square methods when performing multiple parameter
fits, as the latter can be biased towards the initial conditions of
the fit and end up in local minima. We used the continuum-
subtracted Bry line visibilities at the peak of the line (i.e. at zero
velocity) for the 16 stars with detected Bry emission. In order
to interpret the Bry line visibilities, a brightness distribution of
the emission needs to be assumed. In our case, we describe the
total Bry intensity distribution as the sum of three components:
a resolved (or marginally resolved) component with a Gaussian
brightness distribution of flux F.s and visibility Vi.; an unre-
solved component with flux Feomp and visibility Veomp = 1;
and an over-resolved component with flux Fy,o and visibility
Vhalo=0. This does not necessarily imply that the emission orig-
inates in distinct physical regions (e.g. accretion rather than a
wind), but it is simply a result of the limited range of available
baselines. The observed line flux at the peak of the normalised
line (Fiipe) is therefore Fiine = Fres + Feomp + Fhao=1, and the
corresponding observed line visibility is given by

ViesFres + Fcomp
Fres + Fcomp + Fhalo

Viine = (N

We note that Fiine, Viine are F(A)cire, V(A)cire, rESpECtively, as
defined in Sect. 4.2, measured at the peak of the line.

This simple model has six free parameters (five of them inde-
pendent), namely, the relative fluxes Fres, Feomp, Fhato; the size
(i.e. full width at half maximum, FWHM), and the geometri-
cal parameters (i.e. inclination, i, and position angle, PA) of
the resolved (or marginally resolved) Gaussian component. In
practice, we used the Python module emcee to derive the free
parameters in our model (see Foreman-Mackey et al. 2013, for
a detailed description of the module). We set the prior distribu-
tion to be uniform (i.e. non-informative prior), the log-likelihood
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Table 2. Results from the geometrical fitting and displacement analysis.

Name FWHM® FWHM®@ i@ PA@ Fres(a) Fcomp(a) Fhalo(a) X?(b) PA. disp(C) icom(d) PAcom(d)
(mas) (au) ®) ) ®) ®) )
[1] HD 37806 1.4:'(]):41 0.6:’8:2 4032 29f% 0.36:’8:%’ O.SItg:;g 0.12:’8:82 0.20 44:’; 60:3l 514_"]1
[2]  HD 38120 14712 0.603 46" 167'° 04072 054917 0.067% 075 - 49 1647
[3] HD 45677 3.61’3:% 2.24_'8:} 4-13 55f2 0.554_'8::(7) 0.191'882 O.27f8:8§ 48.30© — 60ﬂ 64ﬂ
[4]  HD 58647 17403 05102 40710 —— 046009 047018 07:00% 100 213 64l 157
[5] HD 85567 2.8%! 20010 3077 120712 0221020 0767012 0 091 197 20t 9677
[6] HD 95881 1.7+ 20002 4673 1589 044702 0531018 003909 157 - 51 16713
[7]  HD 97048 1.5%)8 03103 50726 17313 03512 0547018 011799 0.66 - 44+t 973
[8] HD 98922 2.8+03 19702 16*12 9ol (37:008 0 59+011 4002 043 (-23-9) 497! 1307!
[9]  HD 100546 1.7+)2 02101 30720 1088 0381023 054106 008709 022 141t 5010 1477
[10] HD 114981 <1.7 <1.2 - - - - - - - -
[13] HD 141569 <1.7 <0.2 - - - - - - - -
[19] HD 150193 46193 0.7:09 42720 12720 0.33%020 0597014 00870 104 - 472 673
[21] HD 163296 3.0704 0309 30%13  106%105  0.32:010  0.677013 0 111 137:1 4071 13672
[22] HD 169142% - - - - - - - 354
[23] HD 179218 14716 04104 54723 106%  0.38%92 049701 0121007 179 - 54+, 49%9
[24] HD 190073 1299 10798 44730 8672 041702 0551018 003709 0.8l - 2072 647
[25] HD 259431 20704 14703 q7el4 7077 (45%018 (53701 0 0.61 333 281 5073

Notes. @“FWHM, inclination (i), PA, and relative flux contributions of the Bry line-emitting region as estimated from the analysis of the continuum-
subtracted visibilities (see Sect. 4.3). ®Reduced y? from our fitting procedure (see Sect. 4.3). YPA of the continuum-subtracted Bry line emission
as derived from the line displacements (see Sect.4.4). @Inclination and PA of the continuum emission from GRAVITY Collaboration (2019).
©See Sect. 4.5. ®Sources for which Bry emission was not detected above 10% of the continuum.

to be simply a Gaussian including Eq. (7) in its definition, and
the posterior distribution was therefore given by the product
between the prior distribution function and the log-likelihood
function. We initialised the MCMC with 1000 walkers and ran
them for 1000 steps. We set a burn-in phase of 10% of the steps
to account for the warm-up period of the chain (see GRAVITY
Collaboration 2020a, for details). Figures C.1 and C.2 show the
best-fitting visibility as a function of the projected baseline for
the 16 objects.

The best-fitting value of the parameters and their uncer-
tainties are given in Table2. Two objects (HD 114981 and
HD 141569) with good quality interferometric data are unre-
solved for our baselines. Considering our longest baseline of
130 m, this translates into an angular size of less than 1.7 mas
(i.e. < 1.2 au and < 0.2 au for HD 114981 and HD 141569, respec-
tively). We note that though not fully discussed in this work,
the fact that some objects show evidence of asymmetries (i.e.
non-zero differential phases and/or closure phases) indicates that
these sources are not point-like. Sources with detected differen-
tial phases and/or closure phases are HD 259431, HD 190073,
HD 163296, HD 158643, HD 150193, HD 100546, HD 98922,
HD 85567, HD 58647, HD 45677, and HD 37806.

Due to the limited and sparse uv coverage and the large errors
associated with the continuum-subtracted line visibilities, the
errors on all parameters are in general very large. We note that,
as it is true in general, these errors are just the errors provided by
the fitting procedure, and they do not take into account further
sources of uncertainty (e.g. degeneracy between the inclination,
PA, and size in marginally resolved objects).

Nevertheless, there is clear evidence that the Bry line emis-
sion is very compact. The FWHM of the Gaussian brightness

distribution as described above is plotted in Fig. 1 as a func-
tion of the stellar distance reported in Table 1. As shown in the
figure, the FWHM of the Gaussian brightness distribution com-
ponent of the Bry line-emitting region has a typical size of a few
milli-arcsecond. Moreover, the unresolved component accounts
for about half of the total flux, while the halo contributes sig-
nificantly to the line flux in one source only (HD 45677). In
addition, it should be noted that none of our objects are fully
resolved and that in most cases, the Bry line emission is only
marginally resolved with our current spatial resolution. Figure 2
shows the size of the resolved and marginally resolved compo-
nents as a function of the radius of each star. The values of R
are typically 10-30 R, (see Fig. 2).

These results are usually in agreement with previous Bry
line spectro-interferometric studies done with VLTI-AMBER
and the Keck Interferometer (Kraus et al. 2008; Eisner et al.
2007; Garcia Lopez et al. 2015; Caratti o Garatti et al. 2015;
Kurosawa et al. 2016). Indeed, although limited in number of
baselines and sensitivity, those studies showed that the Bry line
emission in early-type HAEBE stars is usually very compact,
with an extent of a few milli-arcseconds, which can usually be
modelled with a disk wind (see, e.g. Garcia Lopez et al. 2015;
Caratti o Garatti et al. 2015; Kurosawa et al. 2016; Hone et al.
2017) or a gaseous disk in Keplerian rotation (Hone et al. 2019).

4.4. Bry line displacements

The size of the Bry line-emitting region obtained from the
analysis of the continuum-subtracted line visibilities is lim-
ited by the maximum angular resolution determined by our
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Fig. 1. FWHM of the marginally resolved component as a function of
the distance. The numbers identify different stars (see first column in
Table 2).
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Fig. 2. Radius of the marginally resolved Bry component as a function
of Ry,.. When not visible, the errors are smaller than the size of the dots.
The number labels are as in Fig. 1.

longest baselines. However, analysis of the Bry line differen-
tial phases can give us information on smaller angular scales
through the study of the line astrometric displacements. This
technique is the spectro-interferometric equivalent to the anal-
ysis of spectro-astrometric signals in standard spectroscopic
observations (e.g. Lachaume 2003; Whelan & Garcia 2008;
Le Bouquin et al. 2009).

At any wavelength, the displacement of the photo-centre
of the continuum-subtracted line emission with respect to the
photo-centre of the continuum (9) is computed as

A

0=-AD——,
2nB

(®)
where B is the length of the baseline (e.g. Lachaume 2003).
In this expression ¢ represents the projection, in the baseline
direction, of the photo-centre in the plane of sky. A single
spectro-astrometric solution was found by performing a regres-
sion fit to all the baselines at different velocity channels projected

A43, page 6 of 39

A6 [R+]
50.1 250 00 -25.0 -50.1
0.4 200
- W= (151 £0.15) x + (-0.06 + 0.01) HD37806
02 100 >
g . B — @ 45
E 4 2 7
G 0.0 % E o ° %
D = 28 2
o 5 [
S 0.2 > 100 ° -64
5| - -100
HD37806
0.4 - -200 -138
04 02 00 -02 —04 04 02 00 -02 —0.4
Ab(RA) [mas] A6 [mas]
Ab [R+]
79.1 396 00 -39.6 -79.1
0.8 200
ey = (0.38 £ 0.21) x + (-0.35 + 0.08) HD45677 s
—_ 5
%) r
© 0.4 ., 100 // 22
£ 4 15 —
— L] e u
G 0.0 g o 51 €
2% e % < €
a - -87
S -0.4 -100 -125
< el ¢ 161
HD45677 A d B
0.8 -200 -198
0.5 0.0 -05 1.0 05 00 -05 -1.0
Ab(RA) [mas] A6 [mas]
Ab [R+]
27.4 137 00 -13.7 -27.4
-y =(2.48 £ 0.50) x + (0.05 % 0.08) 200 HD58647
. 08 124
® '\‘. 100 87
0.4 —
£ <{ 51 —
\ E 0
G oo i g o 13 €
w = 23 =
[a) S * -
?5'0'4 Y > -100 59
< L i -96
-0.81 HD58647 N
- —-200 -132
1.0 05 00 =05 -1.0 1.0 05 00 -05 -1.0
AS(RA) [mas] A6 [mas]
Ab [R+]
59.3 297 00 -29.7 -59.3
0.4{" y = (-0.55  0.05) x + (-0.00 % 0.01) 200 HD85567
—_ 39
© 100
g 0.2 = 3
= '*‘ € ° 34 W
G 0o ~ z o0 £
w g = 70 £
Q02{ >
= 02|~ 100 107
5| 143
-0.4 HD85567
-200 -179
0.50 0.25 0.00 —0.25 —0.50 1.0 05 00 -05 -1.0
Ab(RA) [mas] A6 [mas]

Fig. 3. Two-dimensional displacements (left panel) and PVD (right
panel) for HD 37806, HD 45677, HD 58647, and HD 85567 as com-
puted from the differential phase and described in Sect.4.4. The data
are colour-coded according to the radial velocity (scale on the right). In
the 2D-displacement figures, the dashed lines show the best linear fit
reported at the top of the panel. In the PVD panels, the blue and red
shaded regions show the Keplerian rotation pattern (see text for more
details).

in the plane of sky. The results are shown in the left panels of
Figs. 3 and 4 for the eight stars with sufficiently good data (half
of the sample). Indeed, in order to detect differential-phase sig-
nals across the line, a high S/N at the line position is required,
along with baselines long enough to be able to at least partially
resolve the line emission.

4.41. The position angle of the Bry emitting region

From the astrometric line displacements, information about the
projected PA of the line emission in the plane of sky and on the
centro-symmetry of the brightness distribution can be obtained.
The left panels in Figs. 3—4 show that for seven out of eight stars,
the displacements are roughly aligned along one direction in the
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Fig. 4. Same as in Fig. 3 but for HD 98922, HD 100546, HD 163296,
and HD 259431.

plane of sky (with the exceptions of HD 45677 and HD 98922;
GRAVITY Collaboration 2024b,a, and in prep.). Therefore, a
linear fit to the Bry line displacements provides the PA of the
line-emitting region.

The resulting PAs of the Bry line emission (PAgis,) are
reported in Table 2, Col. 10. The linear fit is also shown as a
dashed line overplotted onto the line displacements in Figs.3—4.
The PAgis, values have much smaller uncertainties than those
derived from the line visibility fits (Table2, Col. 6; PA), but
the agreement is quite good when both values are available. The
derived values are also in rough agreement with previous results
found in the literature for some of our sources (e.g. Kurosawa
et al. 2006; Kluska et al. 2020). In addition, the PA of the Bry
emitting region is in good agreement with the PA of the con-
tinuum emission in the K-band (PA oy in Table 2, Col. 12), as
computed in GRAVITY Collaboration (2019). It should be noted
that in all cases, the errors on the PA reported in Table 2 are just

formal errors resulting from the fitting procedures. As for the
visibility fitting, these errors do not fully take into account other
factors such as the goodness of the uv coverage or the presence
of non-centrally peaked emission.

Some information on the centro-symmetry of the brightness
distribution can be obtained by inspecting whether the Bry line
displacements are centred at (A6(RA)=0, AS(DEC)=0) (see left
panels in Figs. 3—4). Centro-symmetric brightness distributions
produce line displacements centred at (0,0), whereas contin-
uum and/or line brightness distributions, not centro-symmetric
ones, produce displacements shifted from (0,0)>. Examples
of centro-symmetric objects are HD 163296 and HD 259431,
whereas objects such as HD 98922 and HD 37806 show clear
deviations from centro-symmetry. Our simple analysis did not
allow us to discern which of the two components (i.e. the line
and/or the continuum emission) is not centro-symmetric (i.e.
point-symmetric about the (0,0) position). Further information
can only be obtained from the analysis of continuum and/or
line reconstructed images (Sanchez-Bermudez 2018; Sanchez-
Bermudez et al. 2018; Kluska et al. 2020). However, it should be
noted that two of our objects (namely, HD 45677 and HD 98922)
show continuum closure-phase signals of over 25°. Such huge
closure-phase signals are difficult to explain with simple incli-
nation effects, and therefore they likely indicate an asymmetric
continuum structure (see GRAVITY Collaboration 2019, for
further details).

4.4.2. The position-velocity diagrams

Additional information about the Bry line kinematics can be
obtained from position-velocity diagrams (PVDs). These dia-
grams are well-known visualisation tools in spectroscopy. They
generally display the absolute line displacement with respect to
the central source versus radial velocities measured with respect
to the source local standard of rest (LSR) and are corrected for
the source radial velocity when available from the literature (see
Table 1). The PVDs for our sample are shown in the right panel
of Figs. 3—4. The 2D line displacements were converted to abso-
lute displacements by computing the module of the vector in RA
and Dec.

The PVDs in Figs. 3—4 show evidence of motions dominated
by a Keplerian rotation pattern. If the emission is fully spatially
and spectroscopically resolved, the PVD of a Keplerian rotating
disk is characterised by a typical “butterfly” pattern, with the
low-velocity emission located further from the (0,0) position. In
the other extreme case (namely, spatially unresolved emission),
the PVD is a straight line with the highest velocity further from
the (0,0) position. In the case of partially resolved emission, the
PVD has an S shape, with the low-velocity emission projected at
decreasing displacements (see, e.g., the PVDs of HD 163296 in
Fig. 4). Of the eight objects for which PVDs could be computed,
only HD 98922 displays the butterfly pattern expected when the
emission is fully resolved, while others, such as HD 163296,
HD 58647, HD 85567, and HD 259431, have the S-shape PVD of
marginally resolved sources. The sources HD 45677, HD 37806,
and HD 100546 show evidence of complex motions that are more
difficult to interpret.

Detailed models are necessary to investigate the properties
of individual sources but are beyond the scope of this paper.

2 Tt should be noted that although the displacements were computed
from the continuum-subtracted line differential phases, the obtained dis-
placements are still differential, that is, with respect to the photo-centre
of the brightness distribution of the continuum.
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Fig. 5. Comparison of the radius of the Bry line marginally resolved
component to that of the circumstellar continuum emission in the K-
band (R.on)- The number labels are as in Fig. 1.

However, a caveat must be stated. Namely, the compactness of
the Bry emission and the relatively low spectral resolution of
VLTI-GRAVITY limit the potential capability of this tool.

4.5. HD 45677

The source HD 45677 (also known as FS CMa) has properties
that differ from the other HAEBE:s in the sample. The evolution-
ary state of this object is debated (Miroshnichenko 2017). Very
recent MATISSE interferometry at thermal infrared wavelengths
has already hinted at a rather complex geometry regarding the
circumstellar matter distribution (Hofmann et al. 2022). In our
GRAVITY data, HD 45677 has the largest extension of the Bry
emitting region (~140 R,), has the lowest contribution from
the unresolved component (~20% of the total flux), and is the
only object with clear evidence of an extended, over-resolved
component that contributes about 30% of the total flux. The dis-
placements and the PVD in Fig. 3 show non-orderly motions that
are difficult to interpret in terms of simple kinematics. A paper
analysing, in detail, the complex circumstellar environment of
this object is currently in preparation (GRAVITY Collaboration
2024b), and we do not discuss the topic further in this paper.

5. Discussion
5.1. Relation to the dusty disk

The size of the Bry emitting region is often compared to the
size of the K-band continuum emission, which traces, in general,
the silicate sublimation radius (GRAVITY Collaboration 2019).
This, in itself, is not immediately related to the line origin, which
we discuss in Sect. 5.3; however, it is an important factor to con-
sider in modelling the properties of the line-emitting region as
grains control the thermal gas properties.

In general, the size of the Bry line extended component is
smaller than the K-band continuum emission (see Fig. 5). The
exceptions are HD 259431 (#25) and HD 85567 (#5), for which
Ries/Reont ~ 2.0-2.4. These two objects are among the hottest
(Teg ~ 13000-14 000 K), and most luminous (log L. ~ 3-3.3)
of our sample.
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Previous studies have shown that the size of the K-band
continuum emission in Herbig Ae and T Tauri stars tightly
correlates with the stellar luminosity as Li/ 2 and is close to the
location of silicate sublimation (Monnier & Millan-Gabet 2002;
GRAVITY Collaboration 2019, 2021b). This relationship breaks
for some very luminous Herbig Be stars, for which the size of
the K-band continuum emission is smaller than predicted by the
above relationship. The sources HD 85567 and HD 259431 are
the objects where this effect is stronger (together with PDS 27,
GRAVITY Collaboration 2019). A possible explanation for this
is the presence of an inner gaseous disk inside the dust subli-
mation radius, which produces a smaller continuum emitting
region than expected from simple dust sublimation physics. If
this is indeed the case, then the Bry line would also be emitted
in a dust-free region in HD 259431 and HD 85567. On the other
hand, if the effect of a gaseous inner disk is simply to screen the
stellar radiation and move the dust sublimation radius closer to
the star, then grains could be present in the line-emitting region.

As generally found for the K-band continuum emission, there
is evidence in our data that the size of the Bry line-emitting
region is also related to the stellar luminosity (see Fig.9).
The relation Ry, oc L,%3 is expected if the physical conditions
required to emit hydrogen recombination lines are controlled by
the strength of the geometrically diluted stellar radiation field, as
in the case of the dust sublimation temperature. We note that the
fact that the two processes (i.e. the hydrogen line emission and
the dust sublimation) are both controlled by the stellar radiation
field does not mean that they occupy the same spatial region, as
they indeed do not. It should be noted, however, that the cor-
relation between the size of the marginally resolved Bry line
emission and the stellar luminosity is most likely due to a strong
distance dependence of these two quantities.

5.2. The kinematics of the innermost region

As shown in Sect. 4.3, about 50% of the Bry flux is not spatially
resolved by our observations. Therefore, we did not derive any
of its properties from the visibilities alone, and we can only give
an approximate upper limit to its size. However, further infor-
mation on the kinematics of the gas on very small scales can be
extracted if the continuum-subtracted line differential phases can
be computed from the data. As discussed in Sects. 4.3, and 4.4,
this was possible for eight objects for which the PA of the major
axis of the emission (displacements) and the spectro-astrometric
displacements (PVDs) could be computed.

In most cases, the PVDs show the typical signature of gas
in rotation, either spectro-astrometrically resolved (HD 98922)
or partially resolved (HD 163296, HD 58647, HD 85567, and
HD 259431). The PVD of HD 98922 is consistent with the
Keplerian rotation pattern of a star of HD 98922’s mass, as given
in Table 1, and the inclination derived from the visibility fits
(solid curves in Fig. 4). The predicted Keplerian rotation pattern
is also shown for comparison for the partially resolved sources.

A comparison of the line PA (PAg;sp) with that of the K-band
continuum disk (PA..n; Table2) showed that in several cases,
both values coincide within the errors. In partially resolved
sources, this indicates that the Bry emitting region is aligned
with the disk, that is, the line is emitted close to the disk
midplane, where Keplerian rotation dominates the gas motion.
A wind farther from the launching region, where poloidal
motion dominates the kinematics, would have a PA strongly
inclined with respect to the disk, as seen, for example, in jets
(Pascucci et al. 2023; Lesur et al. 2022). Two objects (HD 58647
and HD 85567) show evidence of partially resolved Keplerian
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rotation. Objects that are partially resolved may have a complex
behaviour that needs detailed and more complex models in order
to be understood (e.g. the presence of variable rotating disk
asymmetries Kobus et al. 2020; Varga et al. 2021; GRAVITY
Collaboration 2021c, 2024a).

We also note that several objects have displacements not cen-
tred at (0,0) coordinates. This is likely a consequence of the fact
that the observed continuum-subtracted differential phases mea-
sure displacements from the adjacent continuum assumed to be
symmetric around its photo-centre. In practice, any asymmet-
ric structure in the continuum emitting region, such as a warp
in the inner disk or a difference in disk flaring, could be at the
origin of the shift from the (0,0) position in the displacement
and PVDs, even when the line-emitting region itself is symmet-
ric around the photocenter. For instance, the presence of uneven
disk-continuum illumination has been invoked to account for the
non S-shaped profile of the observed Bry line differential phases
in HD 98922 (Caratti o Garatti et al. 2015). Such a scenario could
also explain the Bry line displacements measured in this source,
where both the blue- and red-shifted velocity displacements are
oriented towards the south direction (see Fig. 4).

In contrast, Kluska et al. (2020) computed H-band contin-
uum reconstructed images of five of our sources (HD 144668,
HD 98922, HD 100546, HD 163296, and HD 150193). The
authors classified these objects as symmetric or asymmetric
sources. Of those, HD 37806 was classified as a symmet-
ric object, whereas HD 45677, HD 98922, HD 100546, and
HD 163296 were classified as asymmetric objects. These results
are in agreement with our displacements with the exception of
HD 37806, for which a clear displacement offset was observed.
This might indicate that the compact Bry line emission is indeed
asymmetric or that the H-band continuum is asymmetric on spa-
tial scales smaller than those sampled in Kluska et al. (2020), i.e.
<1.7 mas.

5.3. The origin of the HiBry line emission
5.3.1. Magnetospheric accretion

The H1 line emission, and in particular the Bry line emission,
is often considered a tracer of accretion. This is because of
the well-established empirical relationship between the HT line
luminosity and the accretion luminosity (see e.g. Muzerolle et al.
2004; Alcala et al. 2014). This correlation holds for a wide range
of stellar masses, from brown dwarfs up to HAEBE stars (see
e.g. Natta et al. 2004; Gatti et al. 2008; Calvet et al. 2004; Garcia
Lopez et al. 2006).

This empirical relationship is expected in the current accre-
tion paradigm, as it is well established for T Tauri stars, where
hydrogen lines are emitted by matter accreting onto the star
along stellar magnetic field lines (see e.g. Hartmann et al. 2016,
and references there in). The size of this region depends on the
strength of the magnetic field and on the mass-accretion rate (see
e.g. Bessolaz et al. 2008), and it is typically of ~5 R, in T Tauri
stars. Herbig AeBe stars have much weaker magnetic fields than
T Tauri sources (e.g. Alecian et al. 2009, 2013; Hubrig et al.
2011, 2015) and comparatively high mass-accretion rates. There-
fore, the magnetospheric emitting region is much smaller, with
an upper limit of ~1-2R,. Any emission from such a region
will be unresolved in our observations. Furthermore, accretion
occurs if the magnetosphere is roughly confined within the disk
co-rotation radius, that is, within the distance from the star where
the Keplerian angular velocity equals the stellar angular velocity
(i.e. Reo = (GM,)'3Q*%). This is not the case for the HAEBE
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Fig. 6. Radius of the Bry line marginally resolved component versus
the co-rotation radius for all sources for which R, is available (see
Table 1). The number labels are as in Fig. 1.

in our sample. Figure6 clearly shows that the size of the
marginally resolved component is significantly larger than the
value of the co-rotation radius, with Ryes/Rcorot~5—20. We then
concluded that magnetospheric accreting columns are not the
source of the marginally resolved Bry line emission.

On the other hand, the small size of the magnetosphere
in HAEBE is, in principle, consistent with the dimensions of
the unresolved component but not with the Keplerian rotation
pattern that we detected in some objects, as most line emission
in magnetospheric columns occurs far from the disk surface,
where the gas motion is mostly radial (e.g. Muzerolle et al.
2004; Hartmann et al. 2016). Recent studies have questioned
the validity of the magnetospheric accretion scenario in weakly
magnetised Herbig AeBe stars and point towards a change of the
accretion paradigm within the Herbig AeBe mass regime (Vink
et al. 2002; Vink 2015; Patel et al. 2017; Ababakr et al. 2017;
Marcos-Arenal et al. 2021) from magnetospheric to boundary
layer accretion (Lynden-Bell & Pringle 1974; Takasao et al.
2018). A boundary layer is expected to form very close to
the stellar surface and to have a very small radial extension.
Any emission from this region will be by far too small when
compared to the size of the extended Bry line emission (e.g.
Kley & Lin 1996). It may be possible that the unresolved Bry
component traces the boundary layer emission. Although, when
the Keplerian pattern is clear, it seems to indicate that the
velocity increases at smaller radii, rather than decreasing, as
expected in boundary layer accretion. Detailed models and better
data are required if this hypothesis is to be explored further.

5.3.2. Disk winds

A more convincing scenario that we can infer from our sample
is that the Bry line mostly forms in outflowing gas. In particu-
lar, two different kinds of winds have been extensively studied,
namely, photoevaporative winds and the so-called magneto-
centrifugally launched winds.

Photoevaporative winds are thermally driven winds launched
where the radiative pressure of the gas at the disk surface is larger
than the gravitational pressure. In this context, a fundamental
parameter is the so-called gravitational radius (Rgray = GM */c?,
with ¢, the sound speed), where a gas parcel becomes unbound
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Fig. 7. Radius of the marginally resolved Bry component versus the
gravitational radius of the star computed for a sound speed of 10kms™'.
The dashed line shows the locus of the points Rs=0.03 Ry, (see text

for details). The number labels are as in Fig. 1.

from the central star (Hollenbach et al. 2000; Alexander et al.
2014; Picogna et al. 2021). The specific mass-loss rate generally
peaks at 0.1-0.5 Ryr,y (see e.g. Alexander et al. 2014). Depend-
ing on the adopted model and assuming a stellar mass of ~2 M,
this translates into a peak of the mass-loss rate around ~1.5—
2 au for the case of EUV-driven photoevaporation. This radius
moves even further out for X-ray-driven and FUV-driven winds
(Alexander et al. 2014; Kunitomo et al. 2021). Our measurements
do not support these models, as the size of the Bry line-emitting
region is by far too small. This is clearly demonstrated in Fig. 7,
which shows that R is 30 to 100 times smaller than the gravita-
tional radius. As a consequence, photoevaporative winds cannot
account for the Bry line emission.

A more convincing interpretation is that the Bry line traces a
magneto-centrifugally launched wind. A fundamental ingredient
of these models is a magnetic field anchored to the disk, possi-
bly a residual of the original collapsing cloud magnetic field.
In the simplest version, a wind is launched if the disk mag-
netic field lines are inclined by more than 30° from the polar
axis (Blandford & Payne 1982). In recent years, more sophisti-
cated MHD winds have received growing attention thanks to the
improvement of simulations and the suspected role of the winds
in removing angular momentum and thus allowing accretion to
occur (see e.g. Bai 2016; Zhu & Stone 2018; Jacquemin-Ide et al.
2021). Depending on the disk region from which these winds
originate, different launching mechanisms are involved (see e.g.
Pascucci et al. 2023; Lesur et al. 2022, for recent reviews).

In our case, to reproduce the extent of the Bry line-emitting
region, the wind emission needs to occur within a region of
~10-30 R, from the central source. Due to the high luminos-
ity of our sources and their weak magnetic fields, several wind
launching mechanisms might be in place within this region. A
weakly magnetised disk rotating at Keplerian velocity and with
high enough levels of ionisation is known to be unstable against
magneto-rotational instability (MRI; Balbus & Hawley 1991).
Recent simulations have shown that the levels of ionisation
around typical Herbig AeBe stars up to ~1 au from the sources
are sufficient to sustain MRI and thus launch an MRI wind
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(Suzuki & Inutsuka 2009; Bai & Stone 2013; Flock et al. 2016,
2017; Jacquemin-Ide et al. 2019). These winds are launched
above the disk mid-plane, with their base rotating at the Kep-
lerian velocity of the disk footpoint at which the magnetic field
lines are anchored. As matter blows up following the mag-
netic field lines, the wind accelerates, and the poloidal velocity
becomes dominant over the tangential component.

Previous interferometric studies have successfully modelled
the Bry emission properties using simplified models of disk
winds launched centrifugally from the disk surface (Weigelt et al.
2011; Garcia Lopez et al. 2015, 2016; Caratti o Garatti et al. 2015;
Kurosawa et al. 2016; Kreplin et al. 2018). The launching regions
extend from 1-3 R, to ~10-30 R,., consistent with the location of
the Bry emission observations in this paper. The models assume
that the line is emitted well above the disk mid-plane (the so-
called warm disk-wind models), where an originally cold wind
is heated by ambipolar diffusion as it moves above the disk and
reaches a roughly constant temperature of around 10 000K (e.g.
Safier 1993; Garcia et al. 2001). In these regions, the poloidal
velocity component may be large in comparison to the rota-
tional one. Specifically, this approach was used to reproduce
the single-peaked Bry line profiles and spectro-interferometric
observations of several Herbig AeBe stars using VLTI-AMBER
observations at R ~ 12 000 (Weigelt et al. 2007; Caratti o Garatti
et al. 2015; Garcia Lopez et al. 2015; Kurosawa et al. 2016). In
fact, even at GRAVITY’s modest spectral resolution, magneto-
centrifugally launched winds should produce double-peaked line
profiles for disk inclinations larger than 240° if the line emission
starts at the wind base (Tambovtseva et al. 2014, 2016). Although
all the objects with double-peaked Bry line profiles in our sam-
ple (HD 58647, HD 114981, HD 141569, and HD 158643) have
continuum and/or Bry line inclinations >40°, not all the sources
with inclinations >40° have double-peaked line profiles (see line
profiles in Appendix B).

Wind models can then reproduce the basic features of the
interferometric observations presented here, in particular, the
extent of the launching region and the characteristics of the line
profiles. Winds are ejected at all scales between the inner and
outer radius, with no gaps separating the resolved or marginally
resolved component from the unresolved component defined in
our visibility analysis. In fact, these separations are indeed arbi-
trary, justified only by the length of the baselines available with
VLTI-GRAVITY. Support of the common origin of the two com-
ponents is provided by the fact that, as mentioned in Sect. 4.4, the
PA derived from our line displacements is generally in agree-
ment with the PA obtained for the marginally resolved Bry
line-emitting region in Sect. 4.3.

The models can be revisited to include the results on the
unresolved component discussed above. The Keplerian pattern
detected in the innermost regions and the similarity between
the line and continuum PA suggest that at small radii the line
emission originates close to the launching region, where the
Keplerian rotation still dominates the wind kinematics. On the
other hand, the Bryresolved component has a relatively low
rotational velocity, even close to the launching point, as the
Keplerian velocity at R is always <150kms~! (see Fig.$),
and its component along the line of sight is <80kms™! in all
objects. This is likely to be unresolved in our GRAVITY spec-
tra, given their low spectral resolution (~75kms~"). This kind of
data show the potential of future high-resolution optical spectro-
interferometers to constrain MHD wind models and explore
wind properties such as thermal structure and dependence on the
radius of the mass loading.
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Fig. 8. Keplerian velocity at the radius of the marginally resolved Bry
line emission R shown as a function of L.. The number labels are as
in Fig. 1.

5.3.3. Disk surface

An additional possibility, which so far has been very little inves-
tigated, is that some of the Bry emission comes from the disk
surface, heated by the stellar radiation. This region has similar
physical properties to the base of a disk wind, and thus sep-
arating gravitationally bound from unbound material may be
observationally very challenging. In particular, realistic mod-
els of the gas temperature and density at the disk surface in
regions completely dust depleted are still lacking, and therefore,
we lack accurate line profile modelling accounting for the total
flux expected from this region. Nevertheless, as in wind models,
one expects that the lines will display a double-peaked profile,
although the relative contribution to the line emission at each
radius will depend on the physical properties of the disk. There-
fore, it is also possible that the contribution of the bound gas is
relevant only at small scales, close to the source, where, indeed,
we detect the signature of Keplerian rotation in the line emission.

5.3.4. The Bry line luminosity versus accretion luminosity
correlation

After our previous discussion, it may be surprising that in young
stars, the luminosity of Bry (and, more in general, of other emis-
sion lines) shows a very good correlation with the accretion
luminosity. We find it worth stressing that this is an “empiri-
cal” correlation well established over a large range of stellar and
accretion properties (see, e.g. Garcia Lopez et al. 2006; Alcald
et al. 2014, 2017; Fairlamb et al. 2017).

However, we have shown that a significant fraction of the
Bry emitting region in Herbig AeBe stars is extended and that
around 50% or more of the emission cannot be ascribed to mag-
netospheric or boundary layer accretion. Moreover, most recent
interferometric studies of the Bry line towards classical T Tauri
stars (CTTs) have shown that in only two cases so far (TW Hya
and DoAr44; see GRAVITY Collaboration 2020b; Bouvier et al.
2020, respectively) the size of the Bry emitting region is consis-
tent with magnetospheric accretion alone. For a larger sample of
seven CTTs, which also includes those two sources, GRAVITY
Collaboration (2022) find that, while magnetospheric accretion

o
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Fig. 9. Area of the region emitting the marginally resolved Bry compo-
nent (7 R2,,) plotted as a function of L,for both the Herbig AeBe and
CTTs samples. The number labels of the Herbigs are as in Fig. 1. CTTs
data are taken from GRAVITY Collaboration (2022). The number labels
of the CTTs are the following: T1: AS 353; T2: RU Lup (epoch 2018);
T3: RU Lup (epoch 2021); T4: TW Hya; TS: DG Tau; T6: DoAr44; T7:
S CrA; T8: VV CrA. The dotted and solid lines show the best-fitting line
of slope 0.75 + 0.04 (reduced y? of 0.14) and slope 1.0 (reduced y? of

0.25), respectively.
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Fig. 10. Area of the region emitting the marginally resolved Bry compo-
nent as a function of L, for both the Herbig AeBe and CTTs samples.
The number labels are as in Fig. 9. The dotted and solid lines show the
best-fitting line of slope 0.75 + 0.04 (reduced y? of 0.15) and slope 1
(reduced y? of 0.24), respectively.

is the primary driver of Bry emission in those two weak accre-
tors, the remaining CTTs have partial or strong contributions
from spatially extended Bry components, similar to the HAEBE
sample.

Figures 9 and 10 show the area of the Bry emitting region,
defined as 7 RZ, against both stellar and accretion luminosity,
respectively. The sample shown in these figures includes the
HAEBE sample presented in this paper and the CTTs sample
presented in GRAVITY Collaboration (2022, see their Tables 1

and 3 for stellar and Bry parameters). The Herbig AeBe stars are
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labelled as in Table 1, and CTTs labels are provided in the caption
of Fig. 9. We chose to plot the area of the emitting region rather
than its radius, as both areas and luminosities have the same
dependence on the distance of the source (ec D?). This is par-
ticularly important for the HAEBE sample, which is spread over
a large range of distances. Given the limited range of projected
sizes available with VLTI-GRAVITY (see Fig.1), this introduces
a strong correlation between R..s and the distance of the star so
that, to zero order, Ry o L,%3. Figure 10 suggests that there
is a correlation between the Bry emitting area and L, as the
best-fitting slope is different than one (0.75+0.04). If the area
of the emitting region is a good proxy of the line luminosity,
then the wind (or extended) component of the Bry line is directly
correlated with the accretion luminosity. We note, however, that
similar to the results obtained for emission lines in general, the
area of the marginally resolved Bry component is equally related
to L. (see Fig. 9) and has an identical slope (0.75+0.04). Indeed,
similar empirical relationships between the line luminosity of
wind and/or jet tracers (e.g. [O1]) and the stellar and accretion
luminosity have been observed in HAEBE and T Tauri sam-
ples (see, e.g. Fairlamb et al. 2017; Nisini et al. 2018; Banzatti
et al. 2019).

For now, we can only hypothesise that hydrogen recombina-
tion lines trace hot gas located at the disk surface that is being
accreted and/or ejected. All of these processes are related and
interdependent, and they correlate somehow with the accretion
luminosity. In order to further probe the origin of the empiri-
cal correlation between L,.. and L.and the Bry line luminosity,
additional interferometric surveys of complete samples located at
similar distances (i.e. same star-forming region) should be per-
formed. Such surveys would likely be possible with the advent
of more sensitive intereferometers, such as GRAVITY+, giving
us the opportunity to study more homogeneous and unbiased
samples.

6. Summary and conclusions

This paper presents the results of an interferometric study using
VLTI-GRAVITY of the region emitting the hydrogen Bry line
in a sample of 26 intermediate mass stars. Of these, nine did
not show any line emission at the time of the observations, even
after correcting for the underlying absorption photospheric lines.
For the remaining 17 targets, we derived continuum-subtracted
visibilities and differential phases when possible.

We derived the size of the line-emitting region by perform-
ing a 2D Gaussian fit to the continuum-subtracted visibilities.
The results show that 15 sources are marginally resolved, with
typical radii of 10-30R., and two were not resolved for our
baselines. A significant fraction of the line flux, ranging from
~20% to 100%, comes from regions that are not resolved even
with the longest available baselines (B ~ 130m). In one case
only (HD 45677), there is significant contribution (~30%) from
a more extended component that is over-resolved in our data. Fur-
ther insight into the properties of the innermost emitting region
is provided by the continuum-subtracted line differential phases
that could be inferred for eight sources. These data were used to
compute the line displacement with respect to the continuum at
different velocities and the PA of the line-emitting region in the
plane of sky as well as to derive some kinematic information.

When compared to the dusty disk traced by the K-band
continuum emission (GRAVITY Collaboration 2019), the Bry
emission is generally confined to a region inside the dust
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sublimation radius. The visibility fits provided rough infor-
mation on the inclination and PA of the marginally resolved
emitting region. However, for the eight objects for which
continuum-subtracted differential phases could be extracted,
we measured the PA with a much higher accuracy. These
values are consistent with those found from the visibility fits.
When compared to the continuum disk, the continuum and Bry
emission PAs are roughly in agreement in all cases.

The PVDs were computed from the continuum-subtracted
differential phases for the same eight objects. They provide
kinematic information on the innermost disks on scales of a
few R.. Within the uncertainties, the diagrams are typical of
disks in Keplerian velocity, with the only clear exception being
HD 45677, which shows evidence of very complex kinemat-
ics. The source HD 98922 shows the typical “butterfly” pattern
expected for disks in Keplerian rotation when the emission
is fully resolved, with values consistent with the stellar mass
and the inclination of the line-emitting region. The sources
HD 163296, HD 58647, HD 85567, and HD 259431 have the
typical S shape of a disk in Keplerian rotation shown in the PVD
of marginally resolved sources.

A discussion on the possible origin of the Bry emission
favours a disk-wind origin. Photoevaporative winds are not a pos-
sible explanation, as they are expected to originate at much larger
scales than the 10-30 R, typical of the resolved Bry component.
The MHD disk winds are more likely, as they can be ejected over
a wider region, extending very close to the star. The Keplerian
rotation pattern, revealed by the PVDs in the innermost regions
of the few objects where this information is available, is expected
if the emission originates at the base of the wind, still close to the
disk surface. However, we cannot exclude that the Bry emission
in the innermost disk comes from gas on the surface of the disk
itself, namely, gaseous layers that are still "bound" by the sys-
tem’s gravity. It is worth stressing that the data lack the required
spectral and spatial resolution for more detailed studies,which
could reveal more complex kinematical patterns.

Finally, by combining the HAEBE sample presented here
with the T Tauri sample shown in GRAVITY Collaboration
(2022), we noted a correlation between the area of the Bry
emitting region and both the accretion and stellar luminosities.
Although more homogeneous and unbiased samples are required
to prove whether such correlations are real, they might explain
the existence of the well-known empirical correlation between
the Bry line luminosity and the stellar accretion luminosity.

The results outlined in this paper show the potential of near-
IR interferometry to aid in understanding the phenomena that
occur in the innermost disk of young stars. The results also reveal
the need to obtain higher-quality data, both in terms of spectral
and spatial resolution. Moreover, the current effort to reconstruct
images of both continuum and line emission needs to be pushed
farther. At the same time, models of the inner disk’s physical
properties, of the winds launched from the disk surface at very
small scales, and of the accretion region need to be improved so
that predictions of the emission line spectrum can be carried out
and compared with the data.
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Appendix A: Log of the observations

Table A.1. Observation log of VLTI-GRAVITY observations.

HD Date Configuration A/PBL,,, N Calibrator
37806 2019-03-19  DO0-G2-J3-KO 4.7 5 HD 64215
2020-01-22  A0-G1-J2-KO 3.6 10 HD 31623

38120 2019-03-18  DO0-G2-J3-KO0 5.1 8 HD 37356, HD 38225

45677 2020-01-27  A0-G2-J2-J3 3.5 7 HD 43847, HD 49794
2020-01-29 KO0-G2-D0-J3 4.5 6 HD 44423

2020-02-04 A0-B2-D0-Cl1 14.2 8 HD 43847, HD 45420

58647 2020-01-27  A0-G1-J2-KO 3.5 9 HD 57939, HD 60325
2020-01-28  A0-G2-J2-J3 4.4 7 HD 60325
2020-02-04 A0-B2-D0-C1 13.7 12 HD 65810
85567 2021-02-09  A0-GI1-J2-J3 3.8 18 HD 85313
2021-02-10  AO0-G1-J2-J3 3.5 9 HD 85313
2021-02-20 A0-B2-D0-C1 15.6 8 HD 85313
95881 2018-03-02  D0-G2-J3-KO0 5.2 5 HD 90452
97048 2017-03-20  A0-G1-J2-KO 3.5 6 HD 82554

98922 2019-05-24  A0-G1-J2-J3 3.7 6  HD 103125, HD 141977

2020-01-27  A0-G2-J2-J3 3.5 5  HD 103125, HD 99311
2020-02-04 A0-B2-D0-C1 14.6 11 HD 103125

100546 2020-01-28 KO0-G2-D0-J3 5.4 7  HD 101531, HD 99556
114981 2019-03-19  DO0-G2-J3-KO0 4.4 6 HD 113776
135344B  2018-03-05  A0-G1-J2-J3 3.5 8 HD 132763
139614 2019-03-19  DO0-G2-J3-KO 6.6 3 HD 148974
141569 2019-07-12 DO0-G2-J3-KO0 4.5 8 HD 137006
142527 2017-03-18  A0-G1-J2-KO 3.5 5 HD 143118
142666 2018-06-16  DO0-G2-J3-KO 4.4 9 HD 148605
144432 2018-03-05  A0-G1-J2-J3 3.4 5 HD 132763
144668 2017-03-19  A0-G1-J2-KO 3.5 7 HD 143118
145718 2019-03-18  DO0-G2-J3-KO 4.4 8 HD 145809
150193 2018-06-15 DO0-G2-J3-KO 4.7 7 HD 148605
2018-07-07 DO0-G2-J3-KO 5.0 3 HD 181240
2019-06-05 A0-B2-D0-Cl1 15.1 14 HD 148974
158643 2017-05-29  B2-DO0-J3-KO 34 6 HD 163955
2017-05-30  B2-D0-J3-KO 34 14 HD 163955
2017-05-31  B2-D0-J3-KO 3.7 12 HD 163955
2017-08-15  A0-G1-J2-KO 4.8 7 HD 163955
163296 2019-05-24  A0-G1-J2-J3 3.5 4 HD 163495
2019-06-05 A0-B2-D0-ClI 18.9 13 HD 148974
2019-07-14  DO0-G2-J3-KO 5.0 7 HD 172052
169142 2019-05-24  A0-G1-J2-J3 34 6 HD 169830
179218 2018-07-07  DO0-G2-J3-KO0 5.3 9 HD 181240
190073 2018-06-15  DO0-G2-J3-KO 4.4 8 HD 183936

259431 2018-03-05  A0-G1-J2-J3 3.5 12 HD 43386, HD 50277
2019-01-13  DO0-G2-J3-KO 5.0 10 HD 262137
VI8I8 Ori  2019-03-19  DO0-G2-J3-KO 4.4 6 HD 34045

Notes. ( Column 1: HD name of the target. Column 2: Date of the observations. Column 3: Configuration of the observations. Column 4:
A/PBL,,,, in units of mas; PBL,,,, is the maximum projected baseline available for that configuration. Column 5: Number of five-minute
long files that have been recorded on the target. Column 6: name of the calibrator.)

Appendix B: GRAVITY data

The VLTI-GRAVITY observations of the full sample around the
wavelength of the Bry line are shown from Fig. B.1 to Fig. B.22.
Each set of figures shows the results for a different star and date,
as labelled in the top-left panel. There are three columns in each
set of figures showing the visibility amplitude (left), differential

phase (middle), and closure phase (right). The top panels
show the observed (solid line) and the photospheric-corrected
spectrum (dashed blue line), which is the same in all cases. The
length and PA of the projected baselines (PBL) are given in the
left panels. For reference, the vertical dashed line indicates the
location of the zero velocity channel with respect to the local
standard of rest.
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Fig. B.1. VLTI-GRAVITY HR interferometric observables for the star HD 37806. Each set of figures shows observations for a different date,
indicated in the top-left panel. The three columns in each figure show the visibility amplitude (left), differential phase (middle), and closure phase
(right). As reference, the observed (black solid line) and photospheric corrected (dahsed blue line) Bry line profiles are shown at the top of each
panel. Vertical dashed lines indicate the location of the zero velocity with respect to the local standard of rest.
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Fig. B.2. Same as Fig. B.1 but for HD 38120 and HD 45677.
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Fig. B.3. Same as Fig. B.1 but for HD45677.
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Fig. B.7. Same as Fig. B.1 but for HD 95881 and HD 97048.
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Fig. B.8. Same as Fig. B.1 but for HD 98922.
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Fig. B.9. Same as Fig. B.1 but for HD 98922 and HD 100546.
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Fig. B.11. Same as Fig. B.1 but for HD 139614 and HD 141569.
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Fig. B.12. Same as Fig. B.1 but for HD 142527 and HD 142666.
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Fig. B.13. Same as Fig. B.1 but for HD 144432 and HD 144668.
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Fig. B.15. Same as Fig. B.1 but for HD 150193.
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Fig. B.16. Same as Fig. B.1 but for HD 158643.
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Fig. B.19. Same as Fig. B.1 but for HD 163296 and HD 169142.
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Fig. B.20. Same as Fig. B.1 but for HD 179218 and HD 190073.
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Fig. B.21. Same as Fig. B.1 but for HD 259431.
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Appendix C: Fits to continuum-subtracted

visibilities
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Fig. C.2. Same as Fig. C.1 but for HD 114981, HD 141569, HD 150193,
HD 163296, HD 179218, HD 190073, and HD 259431.
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