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Abstract

The presence of planets or substellar objects still embedded in their native protoplanetary disks is indirectly
suggested by disk substructures like gaps, cavities, and spirals. However, these companions are rarely detected. We
present Very Large Telescope/NACO high-contrast images in the J, H, K, and L’ bands of the young star
[BHB2007]-1 probing the inclined disk in scattered light and revealing the probable presence of a companion. The
point source is detected in the L’ band in spatial correspondence with complementary Very Large Array
observations. This object is constrained to have a mass in the range of 37-47 Mj,;, and is located at 50 au from the
central star, inside the 70 au-large disk cavity recently imaged by the Atacama Large Millimeter/submillimeter
Array (ALMA), that is absent from our NACO data (down to 20 au). This mass range is compatible with the upper
end derived from the size of the ALMA cavity. The NIR disk brightness is highly asymmetric around the minor
axis, with the southern side 5.5 times brighter than the northern side. The constant amount of asymmetry across all
wavelengths suggests that it is due to a shadow cast by a misaligned inner disk. The massive companion that we
detect could, in principle, explain the possible disk misalignment, as well as the different cavity sizes inferred by
the NACO and ALMA observations. The confirmation and characterization of the companion is entrusted to future
observations.
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1. Introduction

Understanding planet formation is one of the main
challenges of modern astronomy. Despite the rapidly increasing
number of detected exoplanets in the last years, little is known
about where and when planets form. In recent years, the high-
contrast imaging community has pushed to image planetary
systems during their first few million years. This technique
provides a snapshot of an entire planetary system, and of the
interaction between the newborn planets and their protoplane-
tary disk (see, e.g., Lagrange et al. 2010; Marois et al. 2010;
Keppler et al. 2018). Lately, it was even possible to look for
planets in the process of accreting material, having a closer
look at the formation process itself (Wagner et al. 2018; Haffert
et al. 2019; Cugno et al. 2019; Zurlo et al. 2020). The two
planets around the star PDS 70 are the first strong evidence that
planets may be responsible for gaps detected in protoplanetary
disks, as they are found in the middle of the big cavity detected
in scattered light (Keppler et al. 2018). Apart from PDS 70,
many other disks present features that can be explained by the
indirect influence of one or more planets, such as spirals, gaps,
and cavities (e.g., Andrews et al. 2018; Dong et al. 2019), but
direct detection (thermal emission or Ha) has been challenging
(Chauvin et al. 2015; Zurlo et al. 2020; Vigan et al. 2020).

In this paper, we present Very Large Telescope (VLT)/
NACO observations of two sources: 2MASS J17110392-
2722551, also known as [BHB2007]-1 (Covey et al. 2010)
following the Brooke et al. (2007) naming convention, and
2MASS J17110411-2722593 ([BHB2007]-2). Both stars are
part of the Barnard 59 region, which is the largest and most
massive dense core in the Pipe Nebula (Forbrich et al. 2009),
located at a distance of 163 pc from us (Dzib et al. 2018). The
new Gaia DR3 parallax of [BHB2007]-2 translates into a
distance of 166 pc. [BHB2007]-1 is classified as a flat-spectrum
object, while [BHB2007]-2 is a Class II object (Brooke et al.
2007). Covey et al. (2010) inferred a spectral type of K7 for
[BHB2007]-1 and M3 for [BHB2007]-2. [BHB2007]-1 is part
of a small cluster of young stellar objects (Brooke et al. 2007)
in a low extinction region. The population of young stellar
objects in the cluster includes young (Class 0/1) protostars such
as [BHB2007]-11 (Hara et al. 2013; Alves et al. 2017, 2019)
and more evolved ones, like [BHB2007]-1 and [BHB2007]-2.

Recent observations by Alves et al. (2020) show a highly
inclined (75°) disk around [BHB2007]-1. The Atacama Large
Millimeter/submillimeter Array (ALMA) continuum also
shows a wide gap in the disk. Extended filaments are detected
in molecular (CO) gas, which seem to feed the disk itself. Very
Large Array (VLA) 22 GHz data report emission at the location
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Figure 1. Final NACO image in the H band. The whole detector is shown, where other objects are identified.

of the primary star and a second fainter point source inside the
dust gap. Alves et al. (2020) find that the gap size is consistent
with being carved by a planet or a brown dwarf companion. To
better investigate this scenario we present new NIR data of the
system.

The analysis is presented as follows: In Section 2 we
describe the observations and data reduction of the NIR data. In
Section 3 we give our results on the analysis and interpretation
of the data. In Section 4 we present the discussion, and we
conclude in Section 5 with a summary of the main results.

2. Observations and Data Reduction

[BHB2007]-1 was first observed in the NIR with VLT/NACO
during the night of 2004 April 30 under ESO program 073.C-
0379(A) in the narrowband filter NB_1.64, then again with the
same instrument during the night 2008 July 1 under ESO program
081.C-0477(A). This second time the system was observed in
filters J, H, K, and L’. The observing conditions for the first
epoch were not optimal, while during the second epoch the seeing
was excellent, with a stable value of 0”6. The exposure time was
46 in total for the first epoch in NB_1.64, and for the second
epoch 40's in J, and ~5 minutes each for H, K, and L'.

The observing strategy was the same for the two observing
nights: the jittering technique, which consists of applying different
offsets to have the star falling in different positions in the detector
at each exposure. The data were reduced following Zurlo et al.
(2020, 2021): the exposures were background subtracted (one

from the median of the others), flat-fielded, and then recentered to
have the target in the center of the detector. Each final image is the
median of all the exposures combined together. During this
procedure poor-quality frames were excluded. For the astrometric
calibration, we adopted the ALMA coordinates for the center of
the star, R.A. = 17:11:03.9234 and decl. = —27:22:55.4725, as
measured in Alves et al. (2020). We refer the reader to that
publication for further details on the ALMA data on the source.
The final H-band image where three other sources are visible in
the detector is shown in Figure 1.

The observations, done without a coronagraph, show an
unsaturated stellar point-spread function (PSF). In order to
highlight extended emission around [BHB2007]-1, the subtraction
of the bright stellar component is performed by reconstructing the
PSF from the final images themselves. First, a 2D elliptical
Gaussian is fit to the central region to determine the stellar
centroid. A radial PSF profile is then constructed by performing
an azimuthal average over angles devoid of extended emission
(between positron angles (PAs) 230° and 350° eastward from the
north direction). Finally, the azimuthally averaged radial profile is
expanded in the full azimuthal range to produce a 2D image of the
PSF. This procedure produced qualitatively better results than
subtracting an 2D Gaussian or a scaled version of the PSF given
by another star in the field. In the L’ band, the PSF subtraction
allows us to remove the Airy rings. The PSF-subtracted images
from the second epoch only are shown in Figure 2, cropped
around [BHB2007]-1, together with the ALMA contours from
Alves et al. (2020). The final NB_1.64 filter image of the first
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Figure 2. An overlay between the NACO and ALMA observations of [BHB2007]-1. The yellow contours show the ALMA 1.3 mm continuum emission while the
PSF-subtracted NACO image is shown in false color with gray contours. The ALMA peak is matched to the NACO stellar position. In the lower left panel,
corresponding to the K band, a possible jet feature is visible at the east of the primary, perpendicular to the disk.

epoch is not shown as it has a lower quality and it was used in the
following analysis only for the astrometric measurements.

3. Results
3.1. Overview of the NACO Images

The NACO images reveal the existence of four stars in the field
of view (see Figure 1). The astrometric and photometric properties
of these four objects are analyzed in Sections 3.2 and 3.3,
respectively. The closer object to the SE of [BHB2007]-1 appears
for the first time in the early third Gaia release (EDR3; Gaia
Collaboration et al. 2021) and has been labeled as VLT
171104.07-272258.8 in Figure 1, following IAU standards. On
the other hand, the known object [BHB2007]-2 is resolved here as
a binary system, to our knowledge, for the first time. The less
luminous star to the west of the binary system is named
[BHB2007]-2B. The NIR images also reveal the existence of an
inclined disk around [BHB2007]-1, of extended filaments, and of
a possible substellar object near [BHB2007]-1 that are analyzed in
Sections 3.4 and 3.5. In the K band a faint emission perpendicular
to the disk plane is detected (see Figure 2, lower left panel). If the

feature is real, and not residual light from the spiders, it might be
related to a jet. The jet may be evidence that the protostar is
actively accreting. Indeed, from the JHK spectra presented in
Covey et al. (2010), both Bry and Pag lines, indicators of
accretion, are seen in emission. The NB_1.64 image is centered at
the [Fe II] 1.64 pm line, which is a tracer of jets in young objects.
However, the bad quality of our NACO observations does not
allow us to detect any emission from the potential jet.

3.2. Astrometry and Photometry

In Gaia DR2 (Gaia Collaboration et al. 2018), the only star in
our full field of view (FoV) with astrometric measurements
available was [BHB2007]-2, for which a parallax of 7=
5.9225 mas and proper motions of jip , = —1.411 mas yr ' and
[gee, = —21.629mas yr ' were measured. In Gaia EDR3,
the parallax measurement for the source [BHB2007]-1 is also
given for the first time, m = 4.30 & 0.52 mas. Proper motions
are g, = —3.67mas yr ' and py,, = —17.94mas yr . For
[BHB2007]-2 the parallax was updated to m = 6.02 £ 0.31 mas,
fig A = 2.04mas yr ', and j14,; = —21.95mas yr .
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Table 1
Astrometric Measurements of the Components Measured with Respect to the Central Source [BHB2007]-1

Object Date Separation (mas) PA (deg) A R.A. (mas) A Decl. (mas)
VLT 171104.07-272258.8 2004-04-30 3999 —210

2008-07-01 3920 —211 —-36+5 113 £ 5
BHB2007-2 A 2004-04-30 5090 -210

2008-07-01 5070 —211 —42 45 —48 +£5
BHB2007-2 B 2004-04-30 5039 —208

2008-07-01 5024 —-209 —46 + 7 —42 +7

The EDR3 parallax of [BHB2007]-1 (translating into a distance Table 2

of 232.6 pc) would place the source far behind the Pipe nebulae
(at 163 pc; Dzib et al. 2018). However, a few cases of erroneous
parallax measurements from Gaia have been reported for young
stars (e.g., Mesa et al. 2019; Garufi et al. 2019). The Gaia
astrometric excess noise is relatively large (~4 mas). We checked
for the fidelity of the EDR3 astrometric solutions for BHB2007-1
(source ID 4108624199978985984) and BHB2007-2 (source ID
4108624195634062464) by querying the neural network classifier
recently made available by Rybizki et al. (2021). The astrometric
fidelities are 0.9995 and 0.05053 for BHB2007-2 and BHB2007-
1, respectively, meaning that the astrometric solution of the latter
source is most likely spurious. Furthermore, the systemic velocity
inferred for [BHB2007]-1 by Alves et al. (2020) from CO
millimeter lines (3.6 km s~ ') matches the systemic velocity of the
other members of the Barnard 59 region. At 232 pc the disk and
gap sizes resolved in the ALMA dust maps would be considerably
larger than typical values for protoplanetary disks (van der Marel
et al. 2019). Therefore, we are inclined to consider the Gaia EDR3
parallax erroneous and assume a distance of 166 pc, like
[BHB2007]-2.

To assess whether VLT 171104.07-272258.8 (for which no
Gaia parallax is available) is physically bound to the system, we
exploited the NACO images from two different epochs (~4 years
apart). For both images, we measured the accurate position of the
three systems: the central star [BHB2007]-1, VLT 171104.07-
272258.8, and [BHB2007]-2 AB, treated for this calculation as a
bound binary system for the very close separation of the two
components. The positions and relative motion of VLT
171104.07-272258.8, [BHB2007]-2 A, and [BHB2007]-2 B with
respect to [BHB2007]-1, which is in the center of the detector in
the two images, are listed in Table 1. Given the differences in R.A.
and decl. we can say that VLT 171104.07-272258.8 is not
comoving with either of the two other systems visible in the
detector. If bound, assuming a circular orbit, VLT 171104.07-
272258.8 would orbit around [BHB2007]-2 on a period of
~1700 yr, so we can easily exclude that the difference in R.A. and
decl. on a 4 yr baseline is due to orbital motion. On the other hand,
[BHB2007]-2 A and B are a physically bound system as they
show the same differences with respect to [BHB2007]-1, inside the
error bar. Note that one of the images used for this measurement is
the narrowband filter NB_1.64, which has a very poor quality, and
[BHB2007]-2 B has a low signal-to-noise ratio (S/N). It is then
difficult to infer any orbital motion between [BHB2007]-2 A and
B, due to the great error bars. This binary is not comoving to
[BHB2007]-1; they may have different proper motions (~10 mas
yr ') if they are located at similar distance from us. The ALMA
continuum and molecular maps (CO, C'®0, and H,CO isotopo-
logues) also do not show another source within the NACO FoV,
indicating that both BHB2007-2AB and VLT 171104.07-
272258.8 are more evolved than BHB2007-1. In the analysis we

Apparent Magnitudes of the Components Measured with Respect to the Central
Source [BHB2007]-1

Object J H K¢ L

VLT 171104.07-272258.8 11.95 10.23 9.27 10.71
BHB2007-2 A 10.13 8.80 8.18 9.40
BHB2007-2 B 11.34 10.72 10.08 10.97

also calculated the photometry in the Ky band of BHB2007-2AB
and VLT 171104.07-272258.8, listed in Table 2.

3.3. Stellar Properties

Here we calculate the stellar properties of [BHB2007]-1 and -2
based on the Gaia EDR3 parallax (see Section 3.2) and the notion
that [BHB2007]-2 is a binary system. We collected the B-to-W4-
band photometry of —1 and —2 from Vizier. We investigated the
ASAS-SN light curves (Kochanek et al. 2017) finding that the
visual brightness of both stars is only moderately variable (<1 mag
over years). We adopted a Phoenix model of the stellar photosphere
(Hauschildt et al. 1999) with the effective temperature constrained
by Covey et al. (2010) (Z¢¢s = 4060 K and T = 3346 K, for —1
and —2, respectively, with typical uncertainties of +300 K) and
visual extinction Ay calculated from the observed colors between
the R, I, and J bands, and stellar luminosity L, from the integrated
photospheric model. For [BHB2007]-1, this yielded Ay = 1.9+
1.0 mag and Ly = 0.63 &+ 0.21 L,. However, the edge-on
geometry of the disk (see Section 3.4) may in principle yield an
underestimation of the luminosity. In fact, stars with very inclined
disks appear on average older (since less luminous) than the other
stars (see Garufi et al. 2018).

As for [BHB2007]-2, we first had to consider the visually
triple nature of the star (see Section 3.1). All three stars sit
within the 2MASS beam, meaning that the observed photo-
metry is a contribution of all of them. We computed the actual
J-, H-, K-, and W1-band magnitudes through the relative flux
ratios measured in our NACO images. We then constrained
visual extinction and stellar luminosity of [BHB2007]-2A
assuming that the T¢r constrained by Covey et al. (2010) refers
to this star since it is significantly brighter than the other two.
We found that the Ay is comparable with that of [BHB2007]-1
(1.5 £ 0.4 mag) while the luminosity is 0.58 & 0.16 L.

Finally, we constrained stellar mass M, and age ¢ of the two
sources through multiple sets of pre-main-sequence tracks
(Baraffe, MIST, and Parsec; Baraffe et al. 2015; Dotter 2016;
Bressan et al. 2012). Bearing in mind the assumptions and the
uncertainties described above, we found My = 0.65-0.85 M,
and t = 0.9-5.7 Myr for [BHB2007]-1, and My = 0.24-0.30 M,
and = 0.1-0.8 Myr for [BHB2007]-2. The stellar mass
of [BHB2007]-1 is significantly smaller than what was
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Figure 3. An overlay between the H-band NACO and the CO gas emission ALMA observations of [BHB2007]-1. The yellow contours show the ALMA '>CO
integrated emission. The NACO image has been processed using an adaptive kernel smoothing technique called DENOISE (part of the SPLASH suite; Price 2007) to
highlight faint extended emission south of [BHB2007]-1 (see Ménard et al. 2020 for an example of the usage of this denoising technique).

constrained by Alves et al. (2020) from the position—velocity
diagram of the CO emission (2.23 M,,).

Such a large discrepancy cannot be explained by an
erroneous estimate of the stellar luminosity alone since the
evolutionary tracks corresponding to stars with Ty = 4000 K
are nearly vertical, making the stellar mass only marginally
impacted by the luminosity. A miscalculation of the effective
temperature is also an unlikely explanation. In fact, a
Tie > 5000 K would be necessary to reconcile photometric
and dynamical mass. Covey et al. (2010) obtained their
estimate of 4060 K from near-IR spectral indices of good-
quality spectra making such a mismatch very implausible. A
possible, and yet speculative, solution could be that the central
star is in reality an unresolved binary with nearly equal-mass
components (see, e.g., AK Sco; Andersen et al. 1989; Czekala
et al. 2015). In such a configuration, the observed flux would
be distributed to the two objects. Each component would have
the same mass constrained for a single source because stellar
tracks are vertical. The system would be calculated to be older
than 5Myr but the aforementioned underestimation of the

stellar luminosity due to the disk inclination could place the
system back to the young age of the Pipe Nebula.

3.4. Disk

In Figures 2 and 3, the light scattered off by the disk around
[BHB2007]-1 is visible in spatial correspondence with the
millimeter continuum emission presented by Alves et al. (2020).
The scattered light is detected in each of the four wave bands and
is always stronger on the south side. To obtain a meaningful
measurement of the disk brightness, we computed the disk-to-
stellar light contrast ¢ = Fyig. X 4mr?/F, where Fyg is the flux
measured from the PSF-subtracted image (see Section 2), r is the
distance from the central star, and F is the stellar flux measured
from the innermost resolution element of the star in the original
intensity images (see Appendix B of Garufi et al. 2017 for details).
This procedure reveals that the disk brightness decreases with
increasing the wavelength (spanning on the bright side from
17.2% to 6.0%; see Table 3). Nonetheless, the brightness ratio
between the southern and northern sides is constant (with an
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Figure 4. Measurement of the height of the scattering surface as a function of distance from the central star. A power-law fit to the H-band profile yields a power-law
index of ~1.2 and h(R = 1”) = 0.3 (dashed line). The shaded areas correspond to 3¢ uncertainties around the measured profiles. These uncertainties are calculated as
the quadratic sum of three terms: the error in the centroid fit, the width of the fitted Gaussian divided by the local signal-to-noise ratio, and a third term where we
assume that the peak locations cannot be known to a precision better than a 10th of the image resolution.

Table 3
Disk Brightness Relative to the Stellar Brightness
Wave Band South (%) North (%) Ratio
J 172+ 1.6 32403 537432
H 124 £12 21402 59148
K 93409 1.6 + 0.2 5.8719
L 6.0 £ 0.7 1.140.1 54413

Note. For the disk north and south sides, the maximum disk-to-stellar light
contrast (see Section 3.4) is shown. Errors are obtained from the standard
deviation around the brightest pixel.

average ratio of 5.6). The implications of this finding are
discussed in Section 4.

Besides its brightness, the disk looks similar across all
images. It appears with a near edge-on inclination and is
evidently flared. The outermost signal is detected at ~1”0,
which is comparable with the disk extent constrained from the
millimeter continuum emission by Alves et al. (2020). On the
other hand, our images do not reveal any disk cavity down to
the NACO inner working angle of 0712 (~20 au), in contrast
with the millimeter cavity of ~70 au inferred by Alves et al.
(2020, see Figure 2 therein). This discrepancy is routinely
observed in protoplanetary disks and is further discussed in
Section 4.

Since the disk is close to edge-on, we are able to measure the
height of the scattering surface as a function of radius, for each
observed wavelength. We do this by calculating the distance
between the peak of the disk signal and the disk midplane.
Here, we assume that the midplane is given by the disk PA of
12.5°, as determined from the ALMA continuum by Alves et al.
(2020). We trace the disk surface by fitting a Gaussian as a

function of height, for each pixel along the disk PA. We only
considered the brighter (south) side of the disk in the
calculation. The height profile is then deprojected by the disk
inclination by dividing by sin(i), where i = 75° as reported in
Alves et al. (2020). The extracted heights as a function of
radius are shown in Figure 4. The height profiles can be well
approximated by a power law in radius A(R) oc RIte,
Assuming that the height of the scattering surface can be taken
as an approximation to the vertical scale-height of the disk, the
« index would be similar to the disk flaring. A simple fit to the
H-band profile yields an « value of ~1.2. The « value is lower
(o ~ 1) for J and Ks.

In the south of the object ~4” below the NACO brightness
peak a faint filament is seen in the H-band filter with higher S/
N with respect to the other filters, which can be compatible to
the signal seen in the '>CO by ALMA (see Figure 3 with the
overlap of the two images). The confirmation that the filament
seen in the NIR is not a NACO artifact came with the Gaia
DR3, where signal is detected at the same position with a
magnitude of G = 20.77. The filament may also connect the
system with [BHB2007]-2, which shares the same distance.
Indeed the filament seems to connect the two young protostars.

3.5. Embedded Substellar Object

The L’ image, which traces thermal emission as well as
scattered light signal, shows a bright peak close to the gap, in
the south side of the disk. The blob, which appears in the
southwest of the primary in Figure 5, is located at the position
of the millimeter dust gap. To calculate its position we first had
to subtract the contribution from the bright primary star (as
described in Section 2). After removing the contribution of the
main star it is possible to distinguish the circumstellar disk
from the PSF of the companion. Although, some residual light
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Figure 5. L’-band reduced imaged. A blob appears in the southwest of the primary, at the location of the gap in the dust. The VLA continuum from Alves et al. (2020)
is overplotted with 30 contours levels. The VLA synthesized beam is shown in the bottom left corner. North is up; east is left; scale is in arcsec.

from the circumstellar disk may still be present at the location
of the PSF, and the following assumption for its mass is
then the upper limit, as its brightness can be overestimated.
The candidate companion is located at a distance of 53 au
(0”32), at a position angle of 186°. This companion, if real,
might be responsible for the presence of the gap itself. The flux
ratio in L’ between the object and the primary star is
1.4 x 1072, which for the evolutionary models corresponds
to an object in a range of 3747 Mj,;,, which is within the mass
range estimated by Alves et al. (2020). For that assumption we
used the range of values of 0.9-5.7 Myr for the age of the
system as presented in Section 3.3, a value of 7.93 (derived
from the WISE W1 data) for the L’ magnitude of the star, and
166 pc as the distance of the system, which may be slightly
different from the real value. The models implied are COND
and DUSTY from Allard et al. (2001), and we also explored the
BEX models (Linder et al. 2019).

The companion is visible in the L’ image only, as in the other
filters at the shortest wavelengths the contribution of the disk at
close separations is higher than the thermal emission of the
companion itself (see Table 3). For example, in the K band the

same companion would have a contrast of 5.4 mag, and the
disk has a comparable brightness at the location of the
companion. For each band we checked that the L’ detection is
consistent with the upper limit of the mass. A similar case is the
substellar companion around HD 169142 presented in Reggiani
et al. (2014) and Biller et al. (2014), detected in the L’ band but
its signal is not recovered at the shortest wavelengths (e.g., Ligi
et al. 2018; Gratton et al. 2019). It is also possible that the L’
emission comes from a circumplanetary disk of a still forming
protoplanet. To explore this scenario, Ha observations of the
source might detect emission from both the primary and the
substellar companion.

A comparison with the VLA 14 mm map presented in Alves
et al. (2020) shows faint emission at the location of the
candidate companion (contours in Figure 5). This 14 mm
detection can be nonthermal emission from a brown dwarf
companion. The nature of this detection can only be confirmed
with a follow-up measurement. Future observations with
NIRC2 at Keck, for example, could test whether the object is
bound to the system.
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4. Discussion

The results by Alves et al. (2020) and this work portray a
peculiar object in the context of planet-forming disks. In fact,
the disk of [BHB2007]-1 hosts a prominent cavity (70 au large)
that may be explained by the substellar object candidate at
50 au described in Section 3.5. To our knowledge, such a wide-
separation binary system surrounded by a large circumbinary
disk is a very rare configuration although wide orbit giant
exoplanets have been reported (e.g., Marois et al. 2010).

In principle, the large discrepancy between the NIR and
millimeter cavity size (<20 au versus 70 au) can be ascribed to
the substellar companion. Several models (e.g., Pinilla et al.
2012; Zhu et al. 2012) show the differential action exerted by
massive companions on micron- and millimeter-sized dust
grains, yielding the former type of grains to filter, where the
larger grains are trapped. Comparing our numbers with the
modeling by Villenave et al. (2019) reveals that a substellar
object (M > 13M;,p,) is needed to account for the observed
discrepancy. More accurate constraints are deferred to the
confirmation and characterization of the companion.

The presence of a massive companion may also indirectly
explain the large brightness difference between the north and
south disk sizes (see Section 3.4). The constancy of the brightness
ratio across wavelengths (see Table 3) suggests that the difference
is due to a different amount of illumination. In other words, the
northern disk side would be partly shadowed while the south side
would not. Recently, such a configuration is increasingly observed
(see, e.g., Benisty et al. 2018; Muro-Arena et al. 2020). These
shadows are most likely cast by a misaligned inner disk or disk
warp close to the star (as in Marino et al. 2015). These
misalignments would in turn be due to the gravitational force
exerted by a companion. A misaligned massive companion, which
is more massive than several Jupiter masses, can break the disk
and cause the inner and outer disk misalignment (e.g., Zhu 2019).
In particular, radiative-transfer models (e.g., Benisty et al. 2018;
Nealon et al. 2019) reveal that small misalignments are sufficient
to cast shadows on very large angles, as is possibly observed
around [BHB2007]-1. Speculatively, the small misalignment
between the disk PA (12°5 or, equivalently, 192°5; Alves et al.
2020) and the companion PA (186°, Section 3.5) would therefore
explain the observed shadowing of the northern disk side. A
caveat is that the current distance of the companion may not be the
semimajor axis, as what we measure is the projected separation on
the sky. Concerning the cavity size, more robust constraints are
entrusted to future observations of this source. As for the NIR
infrared, the CO molecular line shows different brightness in
between the southern and northern parts. This is because less
illumination means lower temperature so that lines are weak.
Other examples of this phenomenon are presented in Facchini
et al. (2017) and Zhu (2019).

An alternative scenario is that the difference in the
luminosity is caused by the presence of the binary system
[BHB2007]-2. If these systems have formed in the same place
and the filament observed is a remnant of the connection that
they might have in the past, there might be still gravitational
influence in between the two binary systems.

5. Conclusions

We present archival VLT/NACO NIR observations of the
young system around [BHB2007]-1 and neighboring [BHB2007]-
2AB system. The sources are detected in the J, H, K, and L'
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broadband filters, and narrow filter NB_1.64. [BHB2007]-1, part
of the Barnard 59 region, most likely shares the same distance of
the visual binary system [BHB2007]-2AB. Previous ALMA
observations of the system around [BHB2007]-1 show an inclined
disk with a large gap fed by extended CO filaments. The NIR data
also reveal extended emission in the direction of the southern CO
filament, though it is very faint. The [BHB2007]-2AB system
appears to be sufficiently close that it externally illuminates the
southern filament of [BHB2007]-1.

[BHB2007]-1’s inclined disk is also detected in the NIR and
is brighter in the H band with respect to the other filters. The
northern and southern extensions of the disk present different
surface brightnesses, with the southern part being ~6 times
brighter than the northern one. We speculate that the difference
in brightness is due to the presence of a substellar companion.
Indeed, L'-filter images show a close companion with a
projected separation of 50 au and a mass in the range 37-47
My, (depending on the age of the system). This emission is
coincident with a compact source previously seen with VLA 14
mm observations, and it is located at a separation consistent
with being associated with the wide cavity seen in the ALMA
millimeter data. The value of the mass found from the NIR data
is compatible with the mass required to open such a large
cavity seen with ALMA (Alves et al. 2020). As for the case of
the planet PDS 70b (Keppler et al. 2018), these systems provide
additional evidence that substellar objects may be the
responsible for at least some gaps in protoplanetary disks, but
[BHB2007]-1 is unique because the parent star is still in the
protostellar phase. This system, along with the detections of
gaps in other young protostellar disks, provides intriguing
evidence for planet formation occurring far earlier than what is
expected in the classical picture of star and planet formation.
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