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ABSTRACT

Context. Transition disks have large central cavities that have been resolved by imaging surveys during recent years. Cavities and other
substructures in circumstellar disks are often interpreted as signposts to massive companions. Detecting companions at small angular
separations is challenging with coronagraphic imaging observations.
Aims. We aim to search for stellar and substellar companions in the central regions of transition disks. Such companions could be
responsible for the large dust-depleted cavities. We want to determine if these disks might be circumbinary in their nature, similar to
the HD 142527 system.
Methods. We observed four systems, HD 100453, HD 100546, HD 135344 B, and PDS 70, with the sparse aperture masking mode
of VLT/SPHERE, also leveraging the star-hopping method with the adaptive optics system. We extracted the complex visibilities
and bispectra from the H2 and H3 imaging data. A binary model was fit to the closure phases to search for companions and estimate
detection limits. For validation, we also analyzed four archival datasets of HD 142527 and inferred the orbital elements and atmospheric
parameters of its low-mass stellar companion.
Results. We have not detected any significant point sources in the four observed systems. With a contrast sensitivity of ≈0.004,
we can rule out stellar companions down to ≈2 au and partially explore the substellar regime at separations ≳3–5 au. The analysis of
HD 142527 B revealed that its projected orbit is aligned with dust features in the extended inner disk and that the mutual inclination with
the outer disk is close to coplanar for one of the two solutions. Atmospheric modeling confirms the low-gravity and slightly reddened
spectral appearance (Teff ≈ 3300 K, log g ≈ 3.7, and AV ≈ 0.7). The inferred and derived bulk parameters (log L∗/L⊙ ≈ −0.65,
M∗ ≈ 0.4 M⊙, and R∗ ≈ 1.46 R⊙) are in agreement with dynamical constraints and evolutionary tracks.
Conclusions. In contrast to HD 142527, we find no evidence that a close-in stellar companion is responsible for the resolved disk
features of HD 100453, HD 100546, HD 135344 B, and PDS 70. Instead of a dynamical effect by a stellar companion, the formation of
giant planets or even low-mass brown dwarfs could be shaping the innermost environment (≲20 au) of these circumstellar disks, as is
the case with the planetary system of PDS 70.

Key words. techniques: high angular resolution – techniques: interferometric – protoplanetary disks – planet-disk interactions –
binaries: general

1. Introduction

A ubiquity of substructures have been spatially resolved in
protoplanetary disks, both at (sub)millimeter and infrared wave-
lengths (see reviews by Andrews 2020; Benisty et al. 2023).
Many of these features have been linked to forming planets (e.g.,
Zhang et al. 2018), although alternative scenarios have been
proposed (e.g., Riols & Lesur 2019). Disks with dust-depleted
⋆ Based on observations collected at the European Southern Obser-

vatory under ESO programmes 60.A-9800(S), 198.C-0209(G), 1100.C-
0481(F), 1100.C-0481(N), 105.2067.001.

inner regions were initially identified by a reduced infrared
excess in their spectral energy distributions (SEDs; Strom et al.
1989; Skrutskie et al. 1990). The presence of central cavities in
transition disks were later confirmed with high-resolution imag-
ing observations (e.g., Andrews et al. 2011; van der Marel et al.
2016). Such systems are commonly thought to host multiple
planets (Dodson-Robinson et al. 2009) or stellar companions
(Calcino et al. 2020) that would carve deep gaps. Historically
they have been referred to as transition disks, although it is
debated if they are actually transitioning a particular evolu-
tionary phase or if they are just massive, bright disks with an
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above-average lifetime (Garufi et al. 2018). In addition to sub-
structures, localized shadows that are cast by a misaligned inner
disk have been detected in several systems (Marino et al. 2015;
Benisty et al. 2017). Some shadows are variable which hints at
dynamical perturbations on short timescales (Stolker et al. 2016,
2017). Shadows and spiral arms seen in scattered light correlate
with a high near-infrared (NIR) excess, which also points to a
tumultuous inner environment (Garufi et al. 2018).

The HD 142527 system has been emblematic for many of
such disk features, including a wide gap that separates the inner
and outer disk (Verhoeff et al. 2011), spiral-like structures in the
far outer disk (e.g., Fukagawa et al. 2006; Canovas et al. 2013;
Avenhaus et al. 2014; Rodigas et al. 2014; Christiaens et al. 2014),
an azimuthal asymmetry in the emission from large dust grains
(Fukagawa et al. 2013; Casassus et al. 2015), a strongly mis-
aligned inner disk (Marino et al. 2015), and variable scattered
light from the inner dust structures (Avenhaus et al. 2017). Inter-
estingly, a low-mass stellar companion was discovered by Biller
et al. (2012) within the central cavity of this disk. This M-dwarf
companion was detected between 2012 and 2018 at separations
in the range of ≈44–90 mas (see Table 4 by Balmer et al. 2022).
The disk of this system is therefore a circumbinary disk. The
M-dwarf companion may not have fully formed from the disk,
but the object is accreting so it started out at a lower mass than
currently observed (Close et al. 2014; Cugno et al. 2019). All of
the aforementioned disk characteristics can be explained by the
orbital configuration and mass of the inner companion, as was
shown by Price et al. (2018) in a comprehensive modeling study.

While the low-mass companion of HD 142527 was discov-
ered a decade ago, the detection of gap-carving companions in
other transitions disks has remained cumbersome. The exception
is the PDS 70 system in which two giant planets have been dis-
covered at small angular separations (≈170–220 mas) from their
star (Keppler et al. 2018; Haffert et al. 2019), which enabled a
detailed orbital and atmospheric characterization (e.g., Müller
et al. 2018; Mesa et al. 2019; Stolker et al. 2020a; Wang et al.
2021). Since many transition disks have resolved features that
have similarities with HD 142527, this brings up the question
of whether other transition disk systems are circumbinary disks
or planet-hosting disks. The density, temperature, and velocity
structure of a disk in a binary system can be rather different from
that of a single-star system. Therefore, to fully understand the
structure and evolution of these disks, it is important to search
for any low-mass companions. However, probing the central cav-
ities with conventional imaging techniques is challenging due to
limited sensitivity at the smallest separations, leading to weak
constraints on the presence of companions (e.g., Asensio-Torres
et al. 2021; Rich et al. 2022).

Aperture masking interferometry (AMI) enables high-
resolution measurements with an intermediate-contrast at angu-
lar separations around the diffraction limit (e.g., Ireland 2016).
Therefore, this technique probes a part of the companion mass
versus separation space that cannot be reached by regular adap-
tive optics imaging observations due to use of coronagraphs,
self-subtraction effects, and residual speckle noise. AMI has
proven to be a successful technique for the detection and char-
acterization of low-mass companions and circumstellar environ-
ments at separations of several resolution elements from the star
(e.g., Hinkley et al. 2015; Willson et al. 2016; Claudi et al. 2019).
In particular it is suitable for bright targets since the aperture
mask strongly reduces the throughput. Several authors have used
AMI to study stellar multiplicity and the brown dwarf desert in
moving groups and star-forming regions (e.g., Kraus et al. 2008,
2011; Evans et al. 2012; Cheetham et al. 2015b).

Early observations with AMI typically reached contrasts of a
few hundredths at NIR wavelengths. At higher Strehl ratios, AMI
observations are able to probe the planetary-mass regime with
limiting contrast of ∼10−3 (e.g., Hinkley et al. 2011; Cheetham
et al. 2019; Willson et al. 2019), therefore entering parameter
space that cannot be reached by other techniques. A dedicated
search for close-in companions in transition disks was carried
out by Ruíz-Rodríguez et al. (2016), who detected seven binary
candidates with AMI among a sample of 24 targets. From their
statistical analysis of transition disk targets, which also included
11 additional targets of which the binarity had already been con-
firmed or ruled out, the authors calculated that a fraction of
0.38 ± 0.09 objects with SEDs previously identified as transi-
tion disks are in fact circumbinary disks. This suggests that a
significant fraction of young circumstellar environments might
be shaped by a tidal interaction with an inner stellar companion.

In this work, we investigate the innermost regions (≈2–
20 au) of four transition disks, around HD 100453, HD 100546,
HD 135344 B, and PDS 70, to search for low-mass stars and
brown dwarf companions. We aim to answer the question if
these systems are circumbinary disks. This also helps to deter-
mine whether some of the resolved disk features can be linked
to the presence of a (sub)stellar companion instead of other
disk evolution processes. To achieve this goal, we used the
sparse aperture masking mode of the SPHERE instrument at
the Very Large Telescope to investigate separations around the
diffraction limit. We also processed several archival datasets of
HD 142527 B (including an unpublished epoch from 2019) to test
our data reduction and calibration tools, and we analyzed the
astrometry and (spectro)photometry to characterize the orbit and
atmosphere of this low-mass companion.

All targets are young stars in the Sco-Cen association and
host a circumstellar disk that has been classified as a transition
disk. Specifically, HD 100453 and HD 100546 in Lower Centau-
rus Crux, and HD 135344 B, PDS 70, and HD 142527 in Upper
Centaurus Lupus. Their ages are relevant for converting detec-
tion limits into companion masses. We have adopted the ages
of the four Herbig stars from Vioque et al. (2018): 6.5+0.5

−0.5 Myr
for HD 100453, 5.5+1.4

−0.8 Myr for HD 100546, 8.9+0.4
−0.9 Myr for

HD 135344B, and 6.6+0.3
−1.5 Myr for HD 142527. For the T Tauri

star in the sample, PDS 70, we adopted the age of 5.4 ± 1.0 Myr
from Müller et al. (2018). Our main objective is to search for low-
mass companions in the central cavities of those systems. The
cavity radii, RCav, have been systematically inferred from mil-
limeter continuum emission by Francis & van der Marel (2020):
0.′′29 (=30 au) for HD 100453, 0.′′23 (=25 au) for HD 100546,
0.′′38 (=52 au) for HD 135344 B, 0.′′65 (=74 au) for PDS 70,
and 1.′′18 (=185 au) for HD 142527. The millimeter cavities
span therefore the full field-of-view of the AMI observations,
but micron-sized dust grains are typically present within those
cavities since their dynamics are coupled to the gas.

The paper is organized as follows: Sect. 2 presents the obser-
vations and the procedures for the reduction and calibration of
the data. Section 3 presents the analysis on the search for com-
panions and estimation of detection limits, and Sect. 4 presents
the orbital and atmospheric analysis of HD 142527 B. Finally, we
discuss our findings in Sect. 5 and conclude in Sect. 6.

2. Observations and data reduction

2.1. Sparse aperture masking with VLT/SPHERE

The observations were carried out with the Spectro-Polarimetric
High-contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2019)
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instrument that is mounted on Unit Telescope 3 of the Very
Large Telescope (VLT) at the Paranal Observatory. We used the
sparse aperture masking (SAM; Cheetham et al. 2016) mode in
combination with the Infra-Red Dual-beam Imaging and Spec-
troscopy (IRDIS; Dohlen et al. 2008) camera and the integral
field spectrograph (IFS; Claudi et al. 2008). A nonredundant 7-
hole aperture mask (N_SAM_7H) was placed in the optical path,
thereby transforming the single pupil into an interferometer.
SPHERE observations employ the extreme adaptive optics (AO)
system (Fusco et al. 2006), enabling high-contrast measure-
ments at small angular separations. The narrowband H2 (λc =
1.59 µm) and H3 (λc = 1.67 µm) filters were used for the dual-
band imaging with the IRDIS arm and low-resolution (R ≈ 50)
spectra were obtained across the Y J bands (λ ≈ 0.95–1.68 µm)
with the IFS. The pupil of the telescope was stabilized such that
speckles remain quasi-static on the detector. At the same time,
this conveniently improves the coverage of the (u, v)-plane by the
parallactic rotation.

The data were obtained on the nights of 2021 Jan. 31, Feb. 25,
Mar. 16, Jul. 15, and 2022 Jul. 01 (program ID: 105.2067.001).
Two observing blocks (OBs) of 1 hr each were executed for
HD 100453 and HD 100546, whereas 1 hr of telescope time was
used for HD 135344 B and PDS 70. The detector integration time
(DIT) was 0.84 s for the three Herbig stars and 2 s for the T Tauri
star PDS 70. Each exposure consisted of about 30 integrations
and every four exposures alternated between a calibrator and the
science target, reducing the effective on-source integration time
to 10–20 min per OB. For changing between science and cal-
ibration target, we benefited from the star-hopping method of
SPHERE, such that the AO loop did not need to be reoptimized.
This ensured a similar AO correction for both targets, and there-
fore a higher similarity of their point spread functions (PSFs), as
well as an improved time efficiency of the observations (Wahhaj
et al. 2021). The overhead when changing between science a cal-
ibration target was typically a few minutes. For the calibrators,
we used the SearchCal tool (Chelli et al. 2016) to select single
stars in the proximity of the science targets and with a similar
NIR brightness and color. All observations had been executed
in quite stable conditions with a typical seeing of ≈1.′′0 and a
turbulence coherence time of ≈5–8 ms.

We also analyzed four archival datasets of HD 142527, to
test the data reduction and calibration, and to confirm or update
the orbital and atmospheric constraints of the low-mass com-
panion in this system. Three of the datasets (programs ID:
60.A-9800(S), 198.C-0209(G), 1100.C-0481(F)) have been pub-
lished by Claudi et al. (2019) so we refer the reader to their
work for details on the observations. The fourth dataset (pro-
gram ID: 1100.C-0481(N)) has not yet been published. It was
obtained on the night of 2019 May 17 with a DIT of 0.84 s and
total integration time of 8 min. An equal number of exposures
were obtained for the calibration targets that were observed both
before and after the sequence on HD 142527. Observing condi-
tions were stable with a seeing of ≈0.′′8–0.′′9 and coherence time
of ≈2–3 ms.

2.2. Image processing

The PSF of the aperture masking observations is an inter-
ferogram which is imaged by the IRDIS and IFS cameras.
The fringes are generated by the subapertures in the pupil
mask, and contain the amplitude and phase information of the
underlying source brightness distribution. The specific 7-hole
mask that we used formed a set of 21 nonredundant baselines.

With aperture masking inteferometry, we can probe down to
separations of 0.5λ/Bmax with λ the wavelength and Bmax the
maximum baseline between two holes in the nonredundant mask
(i.e., super-resolution since Bmax ≈ D, with D the primary mirror
diameter).

The processing of the images was done with the
vlt-sphere1 package that provides a Python wrapper to the
standard EsoRex recipes for SPHERE (Vigan 2020). For the
IRDIS data, the basic preprocessing involved subtraction of the
sky background, flat field normalization, bad pixel correction,
a coarse centering with pixel precision (so without interpola-
tion), and cropping of the images. The pipeline also calculates
the parallactic angles, which are required for determining the
correct orientation of the field of view since the observations
were executed with pupil tracking.

2.3. Extraction and calibration of complex observables

The interferometric observables were extracted and calibrated
with the AMICAL2 pipeline (Soulain et al. 2020). We started the
procedure by removing 3σ outliers with a low central flux (e.g.,
due to reduced AO correction) and cropping the images to 251
by 251 pixels. Next, images were apodized to limit the contri-
bution of high-frequency read-out noise and reduce numerical
edge artifacts when calculating the Fourier transform later on.
Specifically, the images were windowed by scaling with a super-
Gaussian function of the following form that is implemented in
AMICAL:

A(r) = a exp
[
−22m−1 log (2)

( r
w

)2m
]2

(1)

where r is the radius from the image center, w is the full width
at half maximum (FWHM), which we set to 86 pixels for all
datasets. The amplitude is set internally to a = 1 and the expo-
nent to m = 3. This apodization is characterized by a flat top and
a sharp tapering at the separation of the FWHM. The images
were then Fourier transformed such that the complex visibilities
could be extracted for the 21 baselines. The splodge positions
are determined from the aperture positions in the mask and pixel
scale of the IRDIS camera. Each splodge covers multiple pixels
in the Fourier plane so the pipeline extracts the visibilities and
bispectra by calculating a weighted average over a subsample of
pixels (see Soulain et al. 2020 for details).

The squared visibilities and closure phases were then com-
puted while averaging over subsets of two images. For a 7-hole
mask, there are 21 visibilities and 35 closure phases. These
quantities were subsequently calibrated by using the dedicated
calibration data that has been processed in an identical manner
as the science data. For the calibration, we selected the group
of exposures that were obtained closest in time to the science
data and divided (subtracted) the visibility amplitudes (closure
phases) with a noise-weighted combination of the observables
extracted from the calibration data to remove (part of) the sys-
tematics from the science data. The extraction and calibration
was done for each of the two filters separately. The coverage
of the (u, v)-plane is shown in Fig. 1 that combines the two
filters used for each target. The arcs trace the rotation of the
aperture mask with respect to the sky. There were two datasets
obtained for HD 100453 and HD 100546 with a small overlap in
parallactic angles that can be noticed in the figure.

1 https://github.com/avigan/SPHERE
2 https://github.com/SAIL-Labs/AMICAL
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Fig. 1. Coverage of the (u, v)-plane for the observations of HD 100453, HD 100546, HD 135344 B, PDS 70, and HD 142527 (from left to right), with
K12 for HD 142527 and H23 for all other targets. The data points are shown with circular markers, with the shortest wavelength of the dual-band
filters corresponding to the slightly larger baselines. The marker size gives an indication of the phase in the Fourier domain, while the orange and
gray colors corresponds to a positive and negative sign of the phase, respectively. The background colors in the panel of HD 142527 show the phase
pattern from the retrieved model parameters (see Sect. 4.1) and the arrow points in the direction of HD 142527 B.
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Fig. 2. SpeX spectrum of HD 142527 at R ∼ 75. The colored markers
are the 2MASS JHKs fluxes and synthetic IRDIS H23 and K12 pho-
tometry. The horizontal error bars are the full width at half maximum
of the filter transmission profiles, which are shown in the top panel.

2.4. SpeX observations of HD 142527

Flux measurements of HD 142527 B are relative to the bright-
ness of the (unresolved) star-disk system. Since HD 142527 is a
young star with a circumstellar disk, it is important to account for
the NIR excess so we use an empirical spectrum of HD 142527
for the absolute flux calibration of the companion. The spec-
trum was obtained with the SpeX spectrograph (Rayner et al.
2003) on NASA’s Infrared Telescope Facility (IRTF). The sys-
tem had been observed on UT 2013 May 15 with the SXD grating
(0.7–2.4 µm) and a slit width of 3.′′0 (R ≈ 75). The Spextool
(Cushing et al. 2004) was used for the data reduction and spec-
tral extraction. The package also applies a telluric correction and
flux calibration (Vacca et al. 2003), for which calibration spectra
had been obtained of the A0V-type star HD 130163.

The relative fluxes of the cross-dispersed spectra had been
accurately calibrated but the absolute flux was impacted by
variable conditions between observations of the science and cal-
ibrator target. We therefore fit and scaled the SpeX spectrum to
the 2MASS JHKs fluxes. This provided a good fit with residu-
als at the ∼1–2σ level of the 2MASS uncertainties. The SpeX
spectrum of HD 142527, including the applied best-fit scaling
(≈1.25), is shown in Fig. 2. The consistency between the spec-
tral slope of the SpeX spectrum and the 2MASS JHKs colors
suggests that the NIR is likely not impacted by any variability,
since such an effect is expected to show up as a differential slope
between SpeX and 2MASS.

From the calibration spectrum, we then computed synthetic
IRDIS and IFS fluxes. To do so, we used the species3 toolkit
(Stolker et al. 2020b), with which we determined the following
magnitudes for the IRDIS dual-band filters: 5.81 ± 0.03 in H2,
5.65 ± 0.03 in H3, 5.07 ± 0.02 in K1, and 4.89 ± 0.02 in K2,
using a flux-calibrated spectrum of Vega (Bohlin et al. 2014) and
setting its magnitude to 0.03 for all filters. The synthetic fluxes
are also shown in Fig. 2, with the uncertainties being dominated
by the 2MASS photometry. We also computed a synthetic IFS
spectrum of HD 142527 by smoothing the SpeX spectrum to R =
30 and resampling to the wavelength solution of the instrument.

3. Searching for low-mass companions

3.1. Detection maps from fitting a binary model

The main goal of this work is to search for stellar, substellar,
or even planetary-mass companions at the smallest separations
possible in the central cavities of transition disks. To find such
objects, we fit the extracted closure phases with a binary model.
The complex visibilities of the model are calculated as

V(u, v) =
1 + f exp

[
−2πi(uα + vβ)

]
1 + f

, (2)

where f is the companion-to-star flux ratio, u and v are the
coordinates in the Fourier plane, and α and β are the angular
coordinates of the companion relative to the star. These were
then converted to squared visibility amplitudes, |V |2, and closure
phases for the baselines of the observations, such that data and
model can be compared. Although the data were obtained with
narrowband filters, some smearing is to be expected in the com-
plex observables. To account for that, we calculated the model
visibilities for three wavelengths that are equally spaced across
the filter bandpasses, and continue with the wavelength-averaged
visibilities.

To identify any companions in the closure phases, we cal-
culated χ2 detection maps using fouriever4, a toolkit for
analyzing various types of interferometric data (Kammerer et al.
2023). The field-of-view of the observations is λmax/Bmin, with
λmax the longest wavelength of the two dual-band filters and
Bmin the shortest baseline of the aperture mask. The smallest
separation that can be resolved with interferometry is given by

3 https://github.com/tomasstolker/species
4 https://github.com/kammerje/fouriever
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the Michelson criterion, δθ = 0.5λ/D, with λ the wavelength
and D telescope aperture. In the H band, this corresponds to a
separation of ≈20 mas, so a factor ≈2.4 higher resolution than
with regular imaging. An accurate calibration could in principle
permit the detection of features at even smaller separations, so
we loosely test for companions down to separations as small as
10 mas.

The detection maps were calculated from the inner separa-
tion of 10 mas up to 190 mas and 250 mas for the H23 and
K12 data, respectively. Specifically, the maps are constructed by
calculating what the contrast and detection significance would
be if a companion were to be present at a certain location. The
best-fit solutions within the separation range are determined by
initializing a grid of least-squares minimizations with a resolu-
tion of 10 mas and letting the companion contrast and position
converge toward the local minimum. This ensures that the global
best-fit solution is found albeit the χ2 map typically showing
substructures of multiple local minima in the presence of a com-
panion. These aliases of the true detection are present due to
the incomplete (u, v)-plane coverage of the observations. Since
the closure phases are symmetric, we set all nonphysical solu-
tions with negative companion flux to zero in the detection maps.
Before calculating the maps, we used fouriever to estimate
the covariances due to overlapping baselines between closure
phase triangles (Kammerer et al. 2019, 2020), based on the
uncertainties estimated with AMICAL.

The detection maps are presented in Fig. 3. The maps show
the difference in the reduced chi-squared statistic, χ2

ν = χ
2/ν

with ν the number of degrees of freedom, between a single-star
model and the best-fit binary model. The χ2 maps were converted
into confidence maps by adapting the procedure that is outlined
in Absil et al. (2011; see also Gallenne et al. 2015). To sum-
marize, we calculated χ2

ν( f = 0) at each position, (x, y), in the
detection map. This is the χ2 statistic of the single-star model
for which the companion-to-star flux ratio is set to zero. That χ2

ν
value is normalized by the value from the best-fit binary model
at that same position, min(χ2

ν( f )), such that χ2
ν = 1 when the

best-fit binary model yields a similar statistic as the single-star
model. The normalization is required because the measurements
are limited by systematic uncertainties instead of photon noise.
We then computed the probability, P0, for the measured statistic
to be equal to or larger than χ2

ν( f = 0):

P0 = 1 − CDFν

(
νχ2
ν( f = 0)

min(χ2
ν( f )

)
(3)

where CDFν is the χ2 cumulative distribution function with ν
degrees of freedom. The hypothesis of the single-star can be
rejected if the probability, P0, is below a predefined threshold for
the detection significance. We can now calculate the confidence
level of a binary detection in number of σ:

CL =
√

PPFν=1 (1 − P0) (4)

where PPFν=1 is the χ2 percent point function with one degree of
freedom.

For each target, the feature with the highest confidence
level is indicated in the central column of Fig. 3. Maps were
calculated separately for each observation and filter, as well
as combining all IRDIS data of a target. The latter is shown
in the figure. We inspected the maps by eye to determine if
any potential astrophysical sources are detected within the tar-
gets’ cavities. For reference, we first studied the detection map

of HD 142527. There is one prominent, high signal-to-noise
ratio (S/N) feature see in the map (see bottom row in Fig. 3).
The position and contrast with the minimum χ2 is selected as
the parameters of HD 142527 B, which will be more carefully
extracted in Sect. 4.1. There is also a pattern of several weaker
features (although also with high significance) in the detection
map of HD 142527. This is caused by the effect of the incomplete
(u, v) coverage that was mentioned earlier.

Now that we know what signal to look out for from a com-
panion, we inspect the detection maps of the four observed tar-
gets. There were no obvious sources comparable to HD 142527 B
within the central cavities that are seen in scattered light. Some
features are present, but typically at low confidence (≈1–2σ) and
not consistently seen when comparing χ2 maps from different
filters and/or different observing nights. Therefore, we expect
such features to be spurious signals caused by remaining sys-
tematics in the data. The visibility amplitudes were affected by
even stronger systematic uncertainties than the closure phases.
Including |V |2 in the fit reduced the significance of a detec-
tion, which we tested with the data of HD 142527. We therefore
only analyzed the closure phases and excluded the amplitudes
from all the analyses. This implies that the analysis is blind
to any emission that is point-symmetric with respect to the
host star.

Although there were not any obvious companions detected,
we provide a few details on the detection maps of the individual
targets:

– HD 100453: Low S/N features are present throughout the
field-of-view with a few coinciding with the gap edge of the
protoplanetary disk. We note however that the image shows
polarized intensity while in total intensity the scattered light flux
is highest on the near side of the disk that is located in SW direc-
tion. With our observations we would be sensitive to scattered
light features in total intensity so an effect of the gap edge would
more likely show up in SW direction.

– HD 100546: There are two features with a high S/N that
coincide with the gap edge on the near side of the disk, which
is in SW direction. There is also a more elongated feature in the
map at the opposite side of the star, also coinciding with the gap
edge. We expect that these features are caused by scattered light
and not associated with any companion. The near side of the disk
will be brightest due to forward scattering, which is indeed where
the high S/N features are seen. One of these features appears
to be located slightly inward of the gap edge though. The rea-
son for this is unclear but we expect that it could be an artificial
effect that is caused by the correlation between the contrast and
angular separation at locations close to and below the diffraction
limit. At such small separations, the sinusoidal phase modulation
from a binary source is not fully sampled, while that would be
required to separately constrain the contrast and separation (see
e.g., Martinache 2010; Willson et al. 2016).

– HD 135344 B: There are not any significant sources
detected. The highest confidence level is only 1.4σ for a fea-
ture that is located in SW direction at a separation of ≈30 mas
and contrast of ≈7 mag. It is likely a spurious signal or could be
scattered light from an extended inner component. We mention it
here because it still stands out in the detection map. The gap edge
shows a bit of an azimuthal brightness variation in polarized light
but the disk is seen a small inclination. Therefore, signal from the
gap edge may not show up in the closure phases.

– PDS 70: Similar to HD 135344 B, there is one close-in fea-
ture that stands out in the detection map but again with a low
confidence level. It is aligned with the major axis of the inclined
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Fig. 3. Detection maps for companions. The left column shows full images of the disks, the central column the χ2 maps, and the right column a
zoom to the field of view of the AMI observations with contours showing the χ2 levels. The dashed circles correspond to the field of view. The χ2

maps are calculated as the difference in the goodness-of-fit statistic between a model without companion and the minimum χ2 of a model with a
companion. The position with the highest confidence level is encircled in the maps of the central column. It is important to note that the dynamical
range of the colorbar is different between targets. See main text in Sect. 3.1 for details on the interpretation of the contours. The black cross in the
bottom right panel is placed at the best-fit position of HD 142527 B. The disk images are in polarized scattered light, all obtained in the optical with
ZIMPOL, except PDS 70 in the near-infrared with IRDIS. From top to bottom the images have been adopted from: Benisty et al. (2017), Garufi
et al. (2016), Stolker et al. (2016), van Holstein et al. (2021), Avenhaus et al. (2017).
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inner disk, of which the outer parts are visible in polarized scat-
tered light, just beyond the coronagraph mask (see Fig. 3). We
therefore expect that this feature traces scattered light from the
inner disk and not emission from a companion. The detection of
the inner disk in the AMI data is at the smallest separation at
which we are sensitive, which corresponds to the brightest part
of the irradiated disk.

– HD 142527: As already explained earlier, the feature in the
detection map with the highest confidence (≫8σ) corresponds
to the position of the known low-mass companion, HD 142527 B
(see black cross in the bottom right panel of Fig. 3).

3.2. Sensitivity and upper limits on companion masses

The detection limits were computed with fouriever from the
calibrated data products for the IRDIS H2 and H3 filters (or K1
and K2 in case of HD 142527) separately, as well for the two fil-
ters combined. Given the small wavelength difference between
the two filters, we assume an equal brightness of potential com-
panions at those wavelengths. This may no longer be a valid
assumption for T-type objects, but we do not expect to reach such
late type objects at the ages of the observed systems.

The limits were estimated from the closure phases by analyt-
ically injecting companion sources and optimizing the detection
significance to a confidence level of 5σ, again using Eqs. (3)
and (4). As a reminder, the 5σ detection limit is defined as the
relative companion flux at which the binary model deviates by
more than 5σ from the single-star model, assuming χ2 statistics.
Since this method considers the ratio of the reduced χ2 statis-
tic of the two cases, it is in principle independent of an under-
or overestimation of the uncertainties. Systematic uncertainties
could however bias the inference from the data when fitting
the binary model, thereby potentially impacting the derived
detection limits.

We have calculated detection limits up to the outer edge
of the field-of-view, which is ≈190 mas and ≈250 mas in the
H23 and K12 bands, respectively. As for the detection maps
(see Sect. 3.1), we explore separations as small as 10 mas (i.e.,
≈0.25λ/D) and account for the covariances as mentioned ear-
lier. The azimuthally averaged contrast limits at a confidence
level of 5σ are presented in Fig. 4. The limits are comparable
between the targets, reaching as deep as 6.0–6.5 mag at sepa-
rations ≳40 mas (i.e., ≈λ/D) and show a sharp decrease to a
contrast of ≈3.5 mag at 10 mas. The contrast limits for PDS 70
are smaller and reach only ∼4.5 mag since this is the faintest star
in the sample with H = 8.8 mag (compared to H ≈ 6.0–6.5 for
the other systems). The panels also show the corresponding mass
limits that were interpolated from the isochrones by Baraffe et al.
(2015). For the conversion from contrast to mass, we adopted
the Gaia DR3 parallaxes (Gaia Collaboration 2016, 2023) and
the 2MASS H-band magnitudes (Cutri et al. 2003), so ignoring
minor color effects between the 2MASS and SPHERE filters.

4. Orbital and spectral analysis of HD 142527 B

4.1. Astrometry and spectrophotometry with SPHERE/SAM

In the previous section we determined the point-source sensi-
tivity and derived upper limits on companion masses. We did
not detect any new companion. In this section we analyze the
astrometry and spectrophotometry of HD 142527 B to provide
an updated view on its orbit and atmospheric characteristics.
We analyzed four datasets that had been obtained between 2015

and 2019. The data from 2015, 2017, and 2018 have already been
published by Claudi et al. (2019). As mentioned in Sect. 2.1, we
reanalyzed these data to validate the data reduction and calibra-
tion procedure. As we will see shortly, the relative astrometry
and photometry that we derived is consistent with the results
by those authors. The fourth dataset from 2019 has not yet been
published and will be analyzed in a similar fashion.

The position and brightness of HD 142527 B is measured rel-
ative to its host star. From the χ2 map (see Sect. 3.1), we took
the position and contrast with the highest significance as the
approximate values for an exploration of the multidimensional
posterior distribution. The statistical inference was done with a
binary model (see Eq. (2)) and the nested sampling algorithm of
MultiNest (Feroz & Hobson 2008), through the Python inter-
face of PyMultiNest (Buchner et al. 2014). The prior space was
explored with 200 live points, while accounting for the covari-
ances in the (Gaussian) likelihood function. With the calculation
of the model visibilities, we accounted again for smearing as
described in Sect. 3.1. We also renormalized the likelihood func-
tion because the reduced χ2 of the detections of HD 142527 B
indicated that the variances had been underestimated by a factor
of ≈1.5–2.5 for the four datasets of HD 142527.

For each observation, the astrometric and photometric mea-
surements were simultaneously carried out for both of the
dual-band filters, so fitting one position and two flux contrasts.
The posterior distributions are not included but we point out
that the 1D marginalized distributions appeared symmetric and
Gaussian-like. We adopted the mean and standard deviation of
the posterior samples as best-fit values and statistical uncertain-
ties, respectively. The 2D projections derived from the K12-band
data showed a slight negative correlation between separation
and contrast. As pointed out previously, this degeneracy is to
be expected at separations close to the diffraction limit. This
effect can be noticed in Fig. B.1, which shows as an example the
posterior distributions of the retrieved binary parameters for the
IRDIS dataset of HD 142527 that was obtained in 2019. Interest-
ingly, while the correlation is seen in all three K12 datasets, it is
absent in the posterior distribution of the H23 data. The reason
might the higher resolution in the H band and somewhat larger
separation of the companion at that epoch (see Table 1). Also,
the bandwidth of the H23 filters is a factor ≈2 smaller compared
to K12, therefore it is less prone to the smearing effect.

The statistical uncertainties seemed underestimated, even
though the (co)variances had been inflated with the fit. We
therefore quantified the systematic uncertainty with an injection-
retrieval test. Specifically, we first subtracted the actual com-
panion from the closure phases, using a binary model with the
best-fit parameters but a negative flux. Next, we injected at 360
evenly spaced position angles an artificial companion with the
same contrast and separation as HD 142527 B. We then retrieved
the parameters and used the distribution of the difference with
the injected values as an estimate of the systematic uncertainty.
These were then added in quadrature to the error budget. We
also included the uncertainty on the true north, −1.75± 0.08 deg
(Maire et al. 2016), in the error budget of the position angle.

The astrometry and photometry are listed in Table 1. All
uncertainties are 1σ and include both the statistical and sys-
tematic components. The error budgets are dominated by the
systematic uncertainties. The apparent magnitudes are calcu-
lated from the measured contrast of HD 142527 B and the
synthetic magnitudes of the central star (see Sect. 2.4). The mag-
nitudes of the companion were then converted to physical fluxes
with the species toolkit (Stolker et al. 2020b), again using a
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Fig. 4. Detection limits estimated from the closure phases of the IRDIS dual-band data. The confidence level of the contrast limits is 5σ and the
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observations.

A101, page 8 of 20



Stolker, T., et al.: A&A, 682, A101 (2024)

Table 1. Astrometry and photometry of HD 142527 B with SPHERE/SAM.

UT date Filter Separation Position angle Contrast App. magnitude Flux
(mas) (deg) (mag) (mag) (W m−2 µm−1)

2015 Jul. 03
IRDIS H2

64.1 ± 0.7 106.7 ± 0.6
4.23 ± 0.11 10.03 ± 0.12 1.28 ± 0.14 × 10−13

IRDIS H3 4.13 ± 0.11 9.78 ± 0.11 1.35 ± 0.14 × 10−13

2017 May 17
IRDIS K1

48.7 ± 0.8 75.6 ± 1.1
4.68 ± 0.07 9.75 ± 0.07 6.12 ± 0.40 × 10−14

IRDIS K2 4.68 ± 0.08 9.57 ± 0.08 5.60 ± 0.40 × 10−14

2018 Apr. 14
IRDIS K1

42.8 ± 1.8 51.7 ± 2.6
4.61 ± 0.18 9.68 ± 0.19 6.50 ± 1.11 × 10−14

IRDIS K2 4.55 ± 0.18 9.44 ± 0.18 6.26 ± 1.07 × 10−14

2019 May 18
IRDIS K1

38.0 ± 0.7 16.5 ± 1.8
4.63 ± 0.16 9.70 ± 0.16 6.39 ± 0.95 × 10−14

IRDIS K2 4.61 ± 0.15 9.50 ± 0.15 5.96 ± 0.84 × 10−14

flux-calibrated spectrum of Vega (Bohlin et al. 2014) and setting
its magnitude to 0.03 for all filters.

The low-resolution IFS spectra were also extracted with
fouriever. We extracted the contrast for the 39 wavelength
channels simultaneously from the calibrated closure phases. We
used again the nested sampling algorithm to estimate the poste-
riors of the 41 free parameters, that is, 39 wavelengths and the
RA and Dec relative to the central star. We note that we also
tested the extraction on each wavelength channel separately. That
approach is computationally less expensive but fits a position for
each wavelength. This yielded a contrast spectrum that is con-
sistent within 1–2σ with the extraction that fit all wavelengths
simultaneously.

The contrast spectrum was converted to spectral fluxes by
multiplying with the synthetic calibration spectrum derived from
the SpeX spectrum (see Sect. 2.4). The extracted spectrophotom-
etry is listed in Table A.1. For the companion’s position, we
retrieved a separation of 34.4 ± 0.1 mas and a position angle
of 16.8 ± 0.3 deg from the IFS data, so there is a slight dis-
crepancy in the astrometry of the IFS and IRDIS data (see
Table 1). The difference in separation (≈4 mas) could be related
to the expected degeneracy with the contrast, which is somewhat
higher at K12 compared to most of the IFS wavelength channels.
The inferred position angle, on the other hand, is in agreement
between the two instruments.

4.2. Orbital configuration of HD 142527 B

The geometry of the HD 142527 system is important for under-
standing its dynamical evolution and companion-disk interac-
tion, in particular given the suggested misalignment between the
inner and outer part of the circumstellar disk. The most recent
orbital parameters were determined by Balmer et al. (2022),
covering astrometric data from Mar. 2012 to Apr. 2018. Here,
we will build forth on their work by complementing the avail-
able astrometry with the SPHERE/SAM point from May 2019,
which is useful given the increasing curvature of the orbit at
that epoch (see Table 1). For completeness, we also include the
SPHERE/SAM astrometry from the three reanalyzed epochs.
However, as pointed out in Sect. 4.1, these are consistent with
the values from Claudi et al. (2019) and therefore also the values
used by Balmer et al. (2022).

We have estimated the orbital parameters by fitting the avail-
able astrometry from the literature (Biller et al. 2012; Lacour
et al. 2016; Rodigas et al. 2014; Christiaens et al. 2018; Claudi
et al. 2019; Cugno et al. 2019; Balmer et al. 2022) and the

SPHERE/SAM astrometry from Table 1 with the orbitize!5

package (Blunt et al. 2020). The posterior distributions of the
orbital elements were sampled with a parallel-tempered Markov
chain Monte Carlo (MCMC) algorithm (Foreman-Mackey et al.
2013; Vousden et al. 2016), while marginalizing over the paral-
lax (6.28±0.03 mas; Gaia Collaboration 2016, 2023) and system
mass (2.3 ± 0.3 M⊙; Mendigutía et al. 2014; Claudi et al. 2019).

The parameters were estimated by using 20 temperatures,
200 walkers, and 50 000 steps per walkers. We then removed
the first 40 000 steps as burn-in and selected every 20th step of
each walker to exclude correlations between steps. Convergence
of the chains was examined by calculating the integrated auto-
correlation time and visually inspecting the trails of the walker’s
exploration of the posterior landscape. Figure 5 shows 150 ran-
dom orbit samples from the posterior distribution, in comparison
with the inner dust structures that were detected in the polarized
scattered light image by Avenhaus et al. (2017; see discussion in
Sect. 5.3). From the posterior samples, we determined that the
orbit has a semi-major axis of a = 11.2+1.3

−0.6 au and an eccentric-
ity of e = 0.38+0.05

−0.05. The derived orbital period is P = 26.4 ±
7.1 yr, and the periastron and apastron are rper = 7.0+1.0

−0.8 au and
rap = 15.3+2.1

−0.8 au. Figure B.2 displays the marginalized posterior
distributions of all parameters.

The orientation of the circumstellar disk plane is defined
by the inclination and position angle of the major axis. For the
outer disk, we adopted idisk,out = 38.2 ± 1.3 deg and Ωdisk,out =
162.7 ± 1.3 from Bohn et al. (2022; although one of these two
uncertainties is probably incorrectly printed in their Table 4 since
all iout and PAout pairs have the same uncertainty). With a veloc-
ity measurement, the latter value corresponds to the direction
of redshifted line emission (e.g., Perez et al. 2015), that is, the
longitude of the ascending node, Ωdisk,out. If we assume that the
spiral arms that are seen in scattered light (e.g., Avenhaus et al.
2014) have a trailing motion with respect to smaller separations,
we can break the degeneracy on the inclination since this implies
that the near side of the disk is in the western direction. From
this we can conclude that the actual inclination of the outer disk
is idisk,out = 180 − 38.2 = 141.8 ± 1.3 deg when adopting the
coordinate system as defined in orbitize!.

With the orbit fit, we constrained the orientation of the
orbital plane of HD 142527 B to iorbit = 139± 4 deg, and Ωorbit =
136 ± 10 deg or 316 ± 10 deg (correlated with the argument of

5 https://github.com/sblunt/orbitize
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Fig. 5. Orbital analysis of HD 142527 B. The figure shows random samples from the posterior distribution, in comparison with the astrometric
points that were used in the fit. The blue markers are the astrometry from this work (see Table 1) and the green markers are the values adopted from
the literature. The orbital movement is in clockwise direction. The background shows the optical polarized scattered light image from Avenhaus
et al. (2017).

periapsis, ω = 153 ± 30 and ω = −27 ± 30 deg, respectively).
There is a 180 deg degeneracy without any radial velocity mea-
surement of the companion so we can consider two cases for the
mutual inclination between the companion’s orbit at the outer
disk plane. First, Ωorbit = 139 ± 10 deg would imply that the
orbital plane of HD 142527 B is somewhat close to being copla-
nar with the midplane of the outer disk, since iorbit = 139± 4 deg
is consistent with idisk,out = 141.8 ± 1.3 deg and Ωorbit = 136 ±
10 deg is comparable to Ωdisk,out = 162.7 ± 1.4. The mutual
inclination for this case is θout = 18 ± 6 deg, which is calcu-
lated by propagating the posterior distribution from the orbit fit,
while marginalizing over the uncertainty on the orientation of
the disk plane. The second scenario is for Ωorbit = 316 ± 10 deg,
which implies that the near side of the orbit is in NE direction.
In that case, the mutual inclination is θout = 76 ± 4 deg so the
companion’s orbit would be close to perpendicular to the outer
disk.

For the inner disk, the situation is more complicated. The
measurements by GRAVITY Collaboration (2019) provide an
inclination, cos idisk,in = 0.91 ± 0.02 and position angle of the
major axis PAdisk,in = 14 ± 4 deg, but the near/far side is not
known and there are not any velocity constraints. This implies

that the actual inclination is either cos idisk,in = 0.91 ± 0.02 or
−0.91 ± 0.02, and the position angle of the ascending node is
eitherΩdisk,in = 14±4 deg or 194±4 deg. So, there are four solu-
tions for the mutual inclination between the companion’s orbit
and the inner disk: θin = 34 ± 6 deg, 57 ± 4 deg, 123 ± 4 deg,
or 146 ± 6 deg. Concluding, the orbit of HD 142527 B is signif-
icantly misaligned with respect to the inner disk for any of the
solutions of the orbit-disk configuration.

4.3. Atmospheric characterization of HD 142527 B

In this section, we will revisit the spectral characterization of
HD 142527 B in the Y JHK bands with the Bayesian framework
of species for estimating the atmospheric parameters. To do
so, we fit the IFS Y JH-band spectrum and the IRDIS photom-
etry with a grid of BT-Settl model spectra (Allard et al. 2012).
We used the CIFIST release of the atmosphere model, which
includes the updated solar abundances from Caffau et al. (2011).
Apart from the atmospheric parameters (Teff , log g), we fit simul-
taneously the visual extinction, AV , using the empirical relation
from Cardelli et al. (1989) while fixing the reddening to RV =
3.1. Furthermore, we included a Gaussian process to estimate
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Fig. 6. Spectral analysis of HD 142527 B. The figure shows the best-fit model spectrum (black line) at R = 30 in comparison with the IFS and
IRDIS data (colored markers). There are 30 randomly drawn spectra from the posterior distribution shown as gray lines. The residuals (data minus
model) are shown in the lower panel relative to the data uncertainties. The black dashed line is the best-fit spectrum that has been dereddened and
the blue dashed line is the best-fit without the extinction as free parameter.

the spectral covariances and we fit a relative error inflation to
account for systematics that are not included in the error budget.
The model fluxes are scaled to the data by fitting the radius, R∗,
while using a Gaussian prior for the parallax, again from Gaia
DR3 (Gaia Collaboration 2016, 2023). We also ran an additional
fit that included a Gaussian prior for the mass of HD 142527 B,
for which we adopted the dynamical measurement by Claudi
et al. (2019), M∗ = 0.26 ± 0.15 M⊙. The parameter estimation
was done with MultiNest (Feroz & Hobson 2008; Buchner
et al. 2014).

The best-fit spectrum and random posterior samples are
shown in Fig. 6 in comparison with the data. The posterior dis-
tributions of the model parameters can be found in Fig. B.3. To
summarize the main findings: we retrieved Teff = 3285 ± 49 K,
log g = 3.7 ± 0.2, AV = 0.7 ± 0.3, and R∗ = 1.46 ± 0.08 R⊙.
From the posterior samples, we calculated a bolometric lumi-
nosity of log L∗/L⊙ = −0.65 ± 0.03 and a companion mass of
log M∗/M⊙ = −0.4 ± 0.2 (i.e., M∗ ≈ 0.4 M⊙). The fractional
amplitude of the correlated uncertainty peaks around 0.3, so
about a third of the variances leak into off-axis terms of the
covariance matrix, and the uncertainties of the IFS spectrum are
inflated by 3% (relative to the fluxes) to account for systemat-
ics that had not been captured with the spectral extraction and
uncertainty estimation.

The residuals in Fig. 6, which have been inflated with the
retrieved uncertainty scaling, bSPHERE, seem reasonable at the
≈1–3σ level. The residuals show marginally some systematic
variations that could not be fit with the model spectra. We
expect these variations to be caused by correlated noise in the
data, instead of being actual features of astrophysical nature.
This confirms the importance of including a Gaussian process
to model the covariances in the SPHERE/IFS spectrum. Effec-
tively, it reduces the overall weight in the likelihood function,
thereby yielding more accurate posterior distributions. The cor-
relation length that was retrieved with the Gaussian process is
ℓSPHERE ≈ 0.01 µm. This parameter provides the length scale by
which the fit residuals would show a systematic variation that is

caused by correlated noise, but it is not well constrained in this
case (see Fig. B.3).

We also ran a fit with the mass prior, which acts on log g.
This led to a bit lower companion mass of log M∗/M⊙ = −0.5 ±
0.2, consistent with the prior mass, and a comparable radius of
R∗ = 1.43 ± 0.06 R⊙. Other retrieved parameters are also very
similar to the case without the mass prior, so the difference
in the spectral appearance is negligible. As a second test, we
fit the SED without the extinction parameter, AV . This yielded
Teff = 3306± 40 K and R∗ = 1.32± 0.03 R⊙, but a slightly worse
fit at several of the shortest and longest wavelength channels (see
Fig. 6). These findings were also confirmed by the Bayes’ fac-
tor that is calculated from the marginalized likelihoods of the fit
with and without extinction: ∆ ln (Z) = 2.2. This suggests that,
on the Jeffreys’ scale (e.g., Trotta 2008), there is weak to moder-
ate evidence that a model that includes AV as a free parameter is
favored over a model without extinction.

The earlier mentioned bolometric luminosity, log (L/L⊙) =
−0.65 ± 0.03, was calculated by propagating the Teff and R∗
samples from the posterior. This yielded the intrinsic luminos-
ity, so assuming that photons are removed and not reemitted.
From this luminosity, we estimated a companion mass of M∗ =
0.61 ± 0.03 M⊙ and a radius of R∗ = 1.09 ± 0.02 R⊙, based on
the evolutionary tracks from Baraffe et al. (2015) and adopt-
ing the age of 6.6+0.3

−1.5 Myr from Vioque et al. (2018), which
is also consistent with the analysis by Garufi et al. (2018).
This mass derived from the isochrone is a factor ≈2 higher (a
≈2σ deviation) than the dynamical mass constraint from Claudi
et al. (2019), M∗ = 0.26 ± 0.15 M⊙, which the authors derived
from the proper motion anomaly between multiple catalogs. The
radius that is estimated from the evolutionary tracks is ≈0.4 R⊙
smaller than the value estimated with the SED fit. By lower-
ing the age to 2+2

−1 Myr (Fukagawa et al. 2006), we determined
M∗ = 0.39 ± 0.11 M⊙ and R∗ = 1.26 ± 0.13 R⊙ from the evolu-
tion model, which are both consistent within the uncertainties
with the inferred radius from the SED and the dynamical mass,
respectively.
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5. Discussion

5.1. Non-detections of companions in four transition disks

The original classification of transition disks was based on a
lack of IR emission seen in the SED indicating dust-depleted
inner regions (Espaillat et al. 2014). The origin of the cavi-
ties is unclear, and while photoevaporation can be excluded for
accreting objects (Manara et al. 2014), the presence of a massive
companion, possibly stellar, was speculated early on. For exam-
ple, using AMI observations, Ireland & Kraus (2008) detected a
binary star at 8 au from CoKu Tau/4 and discussed the possibil-
ity that other systems that had been classified as transition disks
could also be circumbinary disks instead.

As shown in Sect. 3.1, with our AMI observations we did not
provide evidence for stellar or substellar companions within the
cavities of the transition disks around HD 100453, HD 100546,
HD 135344 B, and PDS 70. For these systems, we can reject the
presence of a (sub)stellar companion down to mass limits of
approximately 60, 40, 80, and 25 MJ at separations of ≳3–5 au.
When adopting the stellar masses of our sample from Vioque
et al. (2018) and Müller et al. (2018), we derived limits on the
companion-to-star mass ratio, q, of a few percent (q < 0.05)
for the four systems that we observed. For the archival data
of HD 142527, we derived a larger limit on the mass ratio of
q ≈ 0.15 and detected with high confidence the known compan-
ion. While the limits in terms of contrast are comparable, the
high IR excess caused by the circumstellar disk leads to weaker
limits in terms of mass.

We could rule out stellar companions down to ≈2 au in the
four observed systems. The observations were not deep enough
to reach the planetary-mass regime or even the regime of low-
and intermediate-mass brown dwarfs, depending on the target
(see Sect. 3.2). The data would therefore still support a scenario
with a multi-planet system or low-mass brown dwarf as the ori-
gin for the cavities. The multi-planet scenario has been explored
in the theoretical work by Dodson-Robinson et al. (2009) and
Zhu et al. (2011), and was later observationally confirmed with
the case of PDS 70. This star hosts two giant planets that orbit
within the dust-depleted cavity (Keppler et al. 2018; Haffert
et al. 2019), but our observations were not sensitive enough to
reach the required contrast of ≈9 mag to detect PDS 70 b. Tran-
sition disks such as the one of PDS 70 have been targeted by
direct imaging surveys for over a decade now, since these are
favorable locations to search for forming planets since effects by
dust extinction are minimized (Sanchis et al. 2020). Detection
limits from coronagraphic imaging observations of HD 100453,
HD 100546, and HD 135344 B are at best a few Jupiter masses,
but only at large separations from the star, typically beyond the
spatial extent of the disk (Asensio-Torres et al. 2021).

Besides the direct detection of companions, the morphol-
ogy of the substructures detected in the IR and (sub)millimeter
are signposts of stellar and substellar companions, as well as
giant planets. Such structures could in principle be used to
discriminate between scenarios for the origin of cavities. For
the two cases with known directly imaged low-mass compan-
ions, detailed hydrodynamical simulations have reproduced the
observed disk features. As mentioned in Sect. 1, Price et al.
(2018) showed that HD 142527 B can be responsible for most
of the substructures observed in HD 142527, such as the cavity,
horsehoe-shaped asymmetry, and the inner disk misalignment.
For PDS 70, simulations have shown that two giant planets in
mean-motion resonance carve a common gap while migrating
outward, with large dust being trapped at the pressure maxima in
the outer disk (e.g., Bae et al. 2019; Toci et al. 2020).

Binarity has been suspected in systems of intermediate-mass
stars that host disks with a combined set of substructures: high
NIR excess, spiral arms seen in scattered light, and shadows
(Garufi et al. 2018), and at millimeter wavelengths, (possibly
eccentric) rings and azimuthal asymmetries (e.g., Boehler et al.
2018; Dong et al. 2018; Kraus et al. 2017). An example of such
objects is CQ Tau that additionally shows strong photometric
variability at IR wavelengths (Hammond et al. 2022). All fea-
tures – spirals, shadows and asymmetries – could be signatures
of binaries and their detection supports the scenario that these
disks may host yet-undetected stellar companions (Ragusa et al.
2017, 2020; Calcino et al. 2019; Rabago et al. 2023). However,
none of these stellar companions were found to date, and mod-
els including giant planets on eccentric orbits can also reproduce
some of these features (Baruteau et al. 2019; Calcino et al. 2020;
Pinilla et al. 2022), so several scenarios remain viable.

More specifically for the observed targets, the origin of the
spiral arms detected in HD 100453, both at NIR (Benisty et al.
2017) and mm (Rosotti et al. 2020) wavelengths, seems to be due
to the widely separated, low-mass stellar companion (Gonzalez
et al. 2020). The origin of the shadows, which point to a large
misalignment between inner and outer disk (Min et al. 2017), is
still unclear. Zhu (2019) found that massive planets on inclined
orbits can break the inner disk from the outer disk, leading to
clear observational signatures (Juhász & Facchini 2017; Facchini
et al. 2018). In contrast, the origin of the spiral arms in the
HD 135344 B remains debated, while the presence of shadows
and their short term variability (Stolker et al. 2016, 2017) indicate
that the inner disk gets locally perturbed by some mechanism.
Similarly, there is not much known about the origin of substruc-
tures that have been resolved in the disk around HD 100546, even
though the target is subject of candidate claims from various
studies at a large range of wavelengths (e.g., Brittain et al. 2014;
Currie et al. 2015; Follette et al. 2017; Booth et al. 2023).

While our observations could rule out the presence of stel-
lar companions down to separations of a few astronomical
units, the constraints on the presence of substellar compan-
ions are quite weak. A scenario in which a brown dwarf, or
one or multiple giant planets are responsible for the observed
substructures is therefore still worthwhile to further explore
with observations. To do so, the James Webb Space Tele-
scope (JWST) offers the opportunity to search for low-mass
companions around the diffraction limit of the telescope with
the AMI mode of the NIRISS instrument (Sivaramakrishnan
et al. 2023). At 3.5–5 µm, it could reach planetary masses
if the closure phases can be sufficiently accurately calibrated
(Kammerer et al. 2023). At larger separations, the sensitiv-
ity by JWST will place unique constraints on the presence of
planetary-mass companion through coronagraphic imaging and
NIR and MIR wavelengths. Searching for low-mass companions
within transition disk cavities will therefore remain an exciting
endeavor, requiring high-contrast imaging with space-based or
AO-assisted observations.

5.2. Toward deeper limits on companion masses

The binary model that was used to search for companions
and estimate detection limits was sufficient to reach into the
brown dwarf regime and to extract the astrometry and (spec-
tro)photometry of HD 142527 B with good precision for studying
its orbit and atmosphere. To improve the sensitivity such that
planetary masses can be reached there are two ways forward.
First, the analysis is limited by systematics in the data that are
known to be difficult to calibrate (see e.g., Lacour et al. 2011).
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A better understanding of these systematic uncertainties may
enable to include such effects in the forward model. Second, the
model can be improved by including disk components that are
known to be present in the data. All targets have a bright gap
edge and/or resolved inner disk within the field of view of the
AMI observations. Indeed, Fig. 3 shows such effects for several
cases, HD 100546 in particular.

The effect of a circumstellar disk on the closure phases is
important to consider. A brightness asymmetry in a disk can
mimic a companion, as has been debated for the case of T Cha
(Huélamo et al. 2011; Olofsson et al. 2013; Cheetham et al.
2015a; Sallum et al. 2015a). A similar effect is seen in the
detection map of HD 100546 where two high-confidence features
showed up on the near side of the gap edge. That side is bright-
est in total intensity due to forward scattering. We note again
that the images in Fig. 3 show polarized intensity so regions
located along the major axis are typically brightest. At the small-
est resolved separations, the observations may probe the outer
regions on the inner disk components, as is the case for PDS 70
and HD 142527, and possibly also HD 135344 (see Sect. 3).

To robustly disentangle a potential companion and scattered
light from the inner disk will require more detailed modeling that
includes both a companion and disk emission. Such an approach
is expected to yield deeper contrast limits, possibly also reach-
ing into the planetary-mass regime for the Herbig stars of the
sample. This was recently demonstrated by Blakely et al. (2022)
with SPHERE/SAM data on the LkCa 15 system. They could
infer the brightness distribution of both the gap edge that is also
resolved with imaging in scattered light and the inner disk com-
ponent that sits usually behind the coronagraph. Additionally, the
simultaneous modeling excluded companions up to a contrast of
≈1000 within the gap where previously planets had been identi-
fied (Kraus & Ireland 2012; Sallum et al. 2015b). Inference on the
presence of planets can be further complicated by temporal scat-
tered light variations that can alter the position of an apparent
point source. Sallum et al. (2023) analyzed multi-epoch aper-
ture masking observations of the LkCa 15 system and showed
that the data are consistent with a time-variable morphology.
This points to either dynamical substructures at the forward-
scattering side of the outer disk or variable shadowing by the
inner disk. More detailed modeling of the closure phases from
our observations, possibly combined with constraints from the
SED and optical/NIR imaging, will therefore place quantitative
constraints on the inner disk properties and deepen the detection
limits. The impact of the systematics on the retrieved parameters
will however become more severe at this level of precision. For-
ward modeling of such effects might be challenging, instead, it
could also be investigated by testing with multiple observations
and calibrators.

5.3. Clumpy structures along the orbit of HD 142527 B

The orbital analysis in Sect. 4.2 revealed an intriguing align-
ment of the orbit samples with the brightness distribution that
is seen in the scattered light image. We also inferred that one
of the two solutions for the mutual inclination is consistent with
the orbit being coplanar with the outer disk. Here we will briefly
discuss the constraints on the orbital elements, and we will spec-
ulate on the origin of the local disk features in the context of the
companion’s orbit.

With the AMI astrometry from the 2019 dataset, we have nar-
rowed down the parameter space. Compared to the recent work
by Balmer et al. (2022), all parameters are comparable at the
≈1–2σ level, but the constraints have a higher precision because

the 2019 epoch is at a phase where the curvature of the pro-
jected orbit is becoming stronger. With the fit, we inferred that
the orbit has a semi-major axis of a ≈ 11 au and an intermediate
eccentricity of e ≈ 0.35–0.4. Although the best-fit parameters
are comparable to Balmer et al. (2022), we could reject their
(low-probability) solutions that had a larger a and e. We esti-
mated that the companion passed its periastron in September
2020 (±100 days), so significant orbital motion has taken place
during the past few years years.

The orbital constraints enable a comparison with the resolved
disk features that are seen in scattered light. The polarized
light image in Fig. 5 was obtained by Avenhaus et al. (2017)
with SPHERE/ZIMPOL in the VBB filter that covers the R and
I bands. The extreme AO system of SPHERE had enabled an
angular resolution of 34 mas at these optical wavelengths, so
comparable to the K-band resolution that can be reached with
SPHERE/SAM. The comparison of the image with the orbital
constraints showed that the projected orbit appears aligned with
the substructures seen in scattered light. We note that the scat-
tered light traces dust at ≈10 au from the star, which is not
necessarily the innermost disk detected with NIR interferome-
try (GRAVITY Collaboration 2019) and likely associated with
the strong NIR excess. Avenhaus et al. (2017) suggested that
the inner structures seen with ZIMPOL might be a halo-like
component that extends to tens of au. Such a component had
been previously introduced as the origin for the high NIR excess
emission of this system, that can not be explained with a hydro-
statically stable inner disk alone (Verhoeff et al. 2011). We
therefore interpret the resolved structures with SPHERE as an
extended and diffuse component that is located beyond, or at
least, at higher altitude than, the optically thick part of the inner
disk.

It seems reasonable to assume that these disk features are
substructures that originate from a dynamical interaction by
HD 142527 B with its dusty circumstellar environment. The fea-
tures appear unresolved, with the exception of the northern one
that could be marginally resolved. Since we are seeing scattered
light, brightness enhancements could trace a local increase of
the density and/or temperature structure, but also a change in
illumination geometry. Specifically, the scattered light flux will
depend on the scattering angle. Since the azimuthal brightness
variation is not continuous, we expect that an actual asymme-
try in the structure of this extended component is causing the
brightness variations instead of the phase function of the dust.

The scattered light image in Fig. 5 shows the combined
image of the 2015 and 2016 epochs by Avenhaus et al. (2017). At
those epochs, the companion was located roughly at a position
angle of ∼90 deg (i.e., in eastern direction), so it did not coin-
cide with the projected location of the brightest disk feature. The
individual images (see their Fig. 6) do show some slight differ-
ences that could be related to actual changes in the disk structure,
as pointed out by Avenhaus et al. (2017). In Sect. 4.2, we esti-
mated a period of P = 26.4 ± 7.1 yr for the companion orbit
so a one year difference is ≈4% of a full orbit. Assuming that
ejected dust clumps will settle toward their orbital plane on the
dynamical timescale, it may seem reasonable to think that some
changes in the brightness of the clumps are to be expected on a
timescale of one year. Multi-epoch monitoring of both the disk
features, in combination with astrometry and Hα emission of the
companion, would be required to investigate the companion-disk
interaction and accretion processes in more detail.

As suggested, the clumpy structures in Fig. 5 could poten-
tially be the result of a dynamical perturbation of the small
grains by the orbiting companion. The detection of hydrogen line
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emission indicates that the object is accreting (Close et al. 2014;
Cugno et al. 2019), which happens at a variable rate (Balmer
et al. 2022). Therefore, HD 142527 B may possibly disturb its
dusty environment and create substructures in the extended emis-
sion. Material is expected to be channeled from the circumstellar
disk toward the companion atmosphere, and possibly mediated
by a circumsecondary disk and a magnetosphere. This will cause
a shock on the surface of the companion that could create an
outburst by which material gets ejected into the surrounding.
As a result, the clumpy structures could become more extended
and optically thicker, which would enhance the amount of stellar
light that gets scattered.

5.4. Low-gravity atmosphere of HD 142527 B

In Sect. 4.3, we modeled the SED of HD 142527 B with a grid
of atmospheric spectra, by including the spectral and photomet-
ric measurements from this work and accounting for extinction.
We found weak to moderate evidence that the SED is reddened
by extinction and retrieved AV = 0.7 ± 0.3, which is consistent
with estimates from the host star (AV ≈ 0.6; Verhoeff et al.
2011; Garufi et al. 2018). This may point to a common source
of interstellar extinction, but we expected that there could also
be a local component given the scattered light features that are
present in the (projected) vicinity of the companion orbit. It
seems therefore reasonable to conclude that some reddening is
to be expected due to the extended and diffuse dusty structures
from the inner disk. Similarly, the circumstellar environment of
the primary star may also impact its extinction.

We derived Teff = 3285 ± 49 K from the SED fit, which
is a significantly higher value than the Teff = 2600–2800 K
that was estimated by Claudi et al. (2019), also using BT-Settl
model spectra. The difference might be in part explained by the
extinction that was included in our fit, which allows for red-
dening and therefore opens the parameter space to higher Teff ,
although not including the extinction yielded a slightly higher
Teff of 3306 ± 43 K (see Fig. 6). Perhaps more importantly, the
IFS spectrum by Claudi et al. (2019) that was obtained with the
IRDIFS_EXT mode, appears by itself to have a somewhat red-
der slope (see their Fig. 3), which seems also the case for their
IFS spectra obtained with AMI (see their Fig. 2). Potentially, this
may point to a systematic difference with the spectral extraction
and/or calibration spectrum that was used for the unresolved star
and inner disk. Finally, the extinction may also vary along the
companion’s orbit, so the actual slope of the spectrum may have
changed between epochs.

It is reassuring that without applying the mass prior, we
could infer a spectroscopic companion mass that is consistent
with the dynamical mass from Claudi et al. (2019). Related to the
derived mass, we retrieved a surface gravity, log g = 3.7 ± 0.2,
that seems physically in line with expectations for an M-type
object at an age of several megayears. For the IFS wavelength
range and resolution, the H band is in particular an impor-
tant diagnostic for the surface gravity, Specifically, the slight
triangular shape, that is partly detected at the longest IFS wave-
lengths, helped to accurately constrain the surface gravity. We
caution however that apart from log g, also the metallicity will
affect the relative depth of the absorption bands and therefore
the H-band morphology. Specifically, a reduced metallicity will
push the photosphere to higher pressures, thereby increasing the
collision-induced absorption (CIA) and weakening the absorp-
tion bands. Since we retrieved a physical surface gravity and the
model used solar abundances, we suggest that the composition

of the atmosphere may have a solar metallicity since a nonsolar
composition may have biased the surface gravity otherwise.

Christiaens et al. (2018) carried out a detailed spectral and
atmospheric characterization of HD 142527 B. The authors also
used the BT-Setll model to infer the following parameters from
their medium-resolution H- and K-band spectra: Teff = 3500 ±
100 K, log g = 4.5 ± 0.5, and AH = 0.75 ± 0.1. The temperature
is therefore consistent with our findings, but possibly a bit higher
because also their retrieved extinction is higher (typically AV >
AH). Between 1.5 and 1.7 µm their spectrum appears somewhat
flatter (see their Fig. 5) which could in part be responsible for
their higher surface gravity. Their derived radius, R∗ = 2.08 ±
0.18 R⊙, is significantly larger, requiring either a sub-megayear
age or additional emission from a circumsecondary environment
(Christiaens et al. 2018). The discrepancy in the retrieved radius
seems to be mainly caused by the absolute fluxes which are a
factor ≈1.3 higher in the H-band in the SINFONI spectrum. This
presumably resulted in a larger radius since the adopted parallax
is similar. The H-band flux in our IFS spectrum seems consistent
with other spectral and photometric H-band measurements from
the literature (Biller et al. 2012; Lacour et al. 2016; Claudi et al.
2019). Discrepancies may point to systematic differences with
the spectral extraction and/or stellar calibration. Or, there could
be actual temporal variations in the spectral appearance since the
companion is orbiting through a dusty environment.

6. Conclusions

We have reported on aperture masking observations with
VLT/SPHERE of four young stars with a transition disk. The
goal was to search for stellar and substellar companions that
could be responsible for the central cavity and other disk fea-
tures. We also analyzed four archival datasets of HD 142527 to
study its orbit and atmosphere. Here we summarize the main
findings and conclusions:

– The observations allowed us to explore the inner regions
down to separations of ≈2 au where we can reject the pres-
ence of a stellar companion in all systems. At separations
of ≳3–5 au, we can reject substellar companions with lower
mass limits in the range of 25–80 MJ, depending on the
target’s age and brightness.

– In contrast to HD 142527, the non-detections indicate that
the cavities of HD 100453, HD 100546, HD 135344 B, and
PDS 70 are not shaped by the presence of a stellar compan-
ion, so we conclude that these systems are expected to indeed
host a transition instead of circumbinary disk. Other mecha-
nisms, such as the formation of a multi-planet system as the
case of PDS 70, are more likely to have carved the central
regions.

– Dual-band imaging with SPHERE/SAM is a powerful tech-
nique to search for stellar and substellar companions around
the diffraction limit of the telescope. AMI observations
at longer wavelengths, such as L- and M-band imaging
with the recently commissioned ERIS instrument, and the
NIRISS instrument onboard JWST, could enable detections
of lower-mass companions, possibly within the planetary-
mass regime.

– The orbital analysis of HD 142527 B revealed that the orbit
is aligned with the projected disk structures that are seen in
scattered light. This may point to a dynamical interaction
between this low-mass companion and the extended struc-
ture of the inner disk. We also determined that the orbit could
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be close to coplanar with the outer disk and confirmed that
it is misaligned with respect to the inner disk.

– The inferred atmospheric and bulk parameters from the
(spectro)photometric data of HD 142527 B are in agreement
with predictions by evolutionary models, pointing to a mass
of M∗ = 0.4+0.3

−0.1 M⊙ at an age of 6.6 Myr. The spectroscopic
mass is also consistent with dynamical constraints (Claudi
et al. 2019). The spectral appearance shows a reddening of
AV = 0.7±0.3, which is consistent with estimates of the host
star (AV ≈ 0.6; Verhoeff et al. 2011; Garufi et al. 2018). Part
of the extinction might be caused by the extended inner disk,
both for the primary and secondary.

Aperture masking interferometry is an important technique for
targeting low-mass companions around the diffraction limit at an
intermediate contrast. High-precision astrometry from the Gaia
mission is expected to reveal a population of close-in substel-
lar companions that will significantly increase the sample of
known brown dwarf and planetary-mass companions. Aperture
masking observations are going to play a valuable role with
the atmospheric characterization of the brightest of such newly
discovered companions.
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Appendix A: SPHERE/IFS spectrum

Table A.1 lists the extracted contrast and derived fluxes for
the SPHERE/IFS dataset from 2019 May 18 that is used for the
spectral analysis in Sect. 4.3.

Table A.1: Spectrophotometry of HD 142527 B.

Wavelength Contrast Flux
(µm) (mag) (W m−2 µm−1)
0.953 4.54 ± 0.08 1.77 ± 0.13 × 10−13

0.972 4.62 ± 0.06 1.63 ± 0.10 × 10−13

0.991 4.55 ± 0.05 1.68 ± 0.08 × 10−13

1.010 4.46 ± 0.04 1.76 ± 0.06 × 10−13

1.029 4.45 ± 0.04 1.76 ± 0.06 × 10−13

1.048 4.44 ± 0.04 1.72 ± 0.06 × 10−13

1.067 4.32 ± 0.03 1.89 ± 0.06 × 10−13

1.086 4.39 ± 0.04 1.72 ± 0.06 × 10−13

1.105 4.29 ± 0.03 1.83 ± 0.05 × 10−13

1.124 4.31 ± 0.03 1.76 ± 0.05 × 10−13

1.144 4.30 ± 0.03 1.75 ± 0.05 × 10−13

1.163 4.22 ± 0.02 1.84 ± 0.04 × 10−13

1.182 4.25 ± 0.03 1.75 ± 0.04 × 10−13

1.201 4.30 ± 0.02 1.63 ± 0.03 × 10−13

1.220 4.26 ± 0.03 1.66 ± 0.04 × 10−13

1.239 4.31 ± 0.02 1.56 ± 0.03 × 10−13

1.258 4.26 ± 0.02 1.61 ± 0.03 × 10−13

1.277 4.26 ± 0.02 1.58 ± 0.03 × 10−13

1.296 4.20 ± 0.02 1.63 ± 0.02 × 10−13

1.315 4.28 ± 0.02 1.47 ± 0.03 × 10−13

1.334 4.25 ± 0.02 1.48 ± 0.03 × 10−13

1.353 4.30 ± 0.04 1.40 ± 0.05 × 10−13

1.372 4.21 ± 0.05 1.50 ± 0.08 × 10−13

1.391 4.28 ± 0.07 1.39 ± 0.08 × 10−13

1.410 4.34 ± 0.04 1.30 ± 0.04 × 10−13

1.429 4.31 ± 0.03 1.32 ± 0.03 × 10−13

1.448 4.39 ± 0.02 1.21 ± 0.03 × 10−13

1.467 4.33 ± 0.02 1.25 ± 0.02 × 10−13

1.486 4.31 ± 0.02 1.27 ± 0.02 × 10−13

1.506 4.38 ± 0.02 1.17 ± 0.02 × 10−13

1.525 4.30 ± 0.01 1.24 ± 0.02 × 10−13

1.544 4.29 ± 0.02 1.23 ± 0.02 × 10−13

1.563 4.27 ± 0.01 1.23 ± 0.02 × 10−13

1.582 4.19 ± 0.01 1.30 ± 0.02 × 10−13

1.601 4.22 ± 0.01 1.26 ± 0.02 × 10−13

1.620 4.18 ± 0.02 1.30 ± 0.02 × 10−13

1.639 4.17 ± 0.01 1.31 ± 0.02 × 10−13

1.658 4.15 ± 0.02 1.33 ± 0.02 × 10−13

1.677 4.03 ± 0.02 1.46 ± 0.03 × 10−13

Appendix B: Posterior distributions

In this appendix, we show in Fig. B.1, Fig. B.2, and Fig. B.3
the 1D and 2D marginalized posterior distributions from the
extracted binary parameters for one of the IRDIS datasets (see
Sect. 4.1), the orbital analysis (see Sect. 4.2), and spectral
analysis (see Sect. 4.3), respectively.
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Fig. B.1: Posterior distribution from the simultaneous extraction of the relative brightness of HD 142527 B in the K12 dual-band
filters, ∆mK1 and ∆mK2, of the 2019 dataset, as well as the separation, ρ, and position angle, φ.
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Fig. B.2: Posterior distribution from fitting orbits to the relative astrometry of HD 142527 B.
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Fig. B.3: Posterior distribution from fitting the spectral energy distribution of HD 142527 B with a grid of model spectra. The
bolometric luminosity, L∗, and companion mass, M∗, are not free parameters with the fit but were derived afterwards from the
posterior samples.
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