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ABSTRACT

The vector Apodizing Phase Plate (vAPP) is a class of pupil plane coronagraph that enables high-contrast imaging by modifying
the Point Spread Function (PSF) to create a dark hole of deep flux suppression adjacent to the PSF core. Here, we recover the
known brown dwarf HR 2562 B using a vAPP coronagraph, in conjunction with the Magellan Adaptive Optics (MagAO) system,
at a signal-to-noise of S/N = 3.04 in the lesser studied L-band regime. The data contained a mix of field and pupil-stabilized
observations, hence we explored three different processing techniques to extract the companion, including Flipped Differential
Imaging (FDI), a newly devised Principal Component Analysis (PCA)-based method for vAPP data. Despite the partial fieldstabilization, the companion is recovered sufficiently to measure a 3.94 μm narrow-band contrast of (3.05 ± 1.00) × 10−4
( m3.94μm = 8.79 ± 0.36 mag). Combined with archival GPI and SPHERE observations, our atmospheric modelling indicates
a spectral type at the L/T transition with mass M = 29 ± 15 MJup , consistent with literature results. However, effective
temperature and surface gravity vary significantly depending on the wavebands considered (1200 ≤ Teff (K) ≤ 1700 and 4.0 ≤
log(g)(dex) ≤ 5.0), reflecting the challenges of modelling objects at the L/T transition. Observations between 2.4 and 3.2 μm
will be more effective in distinguishing cooler brown dwarfs due to the onset of absorption bands in this region. We explain that
instrumental scattered light and wind-driven halo can be detrimental to FDI+PCA and thus must be sufficiently mitigated to
use this processing technique. We thus demonstrate the potential of vAPP coronagraphs in the characterization of high-contrast
substellar companions, even in sub-optimal conditions, and provide new complementary photometry of HR 2562 B.
Key words: instrumentation: high angular resolution – planets and satellites: atmospheres – planets and satellites: detection –
brown dwarfs – stars: individual: HR 2562 – infrared: planetary systems.

1 I N T RO D U C T I O N
The detection and characterization of planetary-mass and brown
dwarf substellar companions through high-contrast imaging is reliant
on coronagraphs that suppress the diffraction haloes of their host
stars. A combination of innovative coronagraph design and optimal
post-processing strategy is required to achieve deep contrast ratios
at the smallest angular separations currently accessible to groundbased astronomy, where the companion flux can be dominated by
quasistatic speckles of residual starlight (Racine et al. 1999; Hinkley
et al. 2007; Martinez et al. 2013). The ever-growing sample of
imaged planetary-mass (e.g. Marois et al. 2008; Lagrange et al.
2010; Macintosh et al. 2015; Chauvin et al. 2017; Keppler et al.
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2018; Haffert et al. 2019; Janson et al. 2019; Bohn et al. 2020b)
and brown dwarf (e.g. Chauvin et al. 2005; Hinkley et al. 2015;
Mawet et al. 2015; Mesa et al. 2016; Janson et al. 2019; Currie et al.
2020; Wagner et al. 2020b) companions highlights the success of
the technique. However, many of the instruments involved in these
discoveries use focal-plane coronagraphs (Soummer 2005; Mawet
et al. 2012; Ruane et al. 2018) which are inherently susceptible to
tip/tilt instabilities, primarily resulting from telescope vibrations that
limit their ability to reach deeper contrast ratios (Fusco et al. 2014;
Otten et al. 2017). Conversely, vector Apodizing Phase Plate (vAPP)
coronagraphs reside in the pupil plane and are therefore inherently
insensitive to these tip/tilt instabilities. This intrinsic stability also
facilitates beam-switching, which is advantageous in the thermal
infrared for the removal of background flux. By adjusting the phase
of the incoming wavefront, the vAPP modifies the Point Spread
Functions (PSFs) of all objects in the field of view to create a ‘dark
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hole’, a region of deep flux suppression, adjacent to the PSF core
(Otten et al. 2014a; Doelman et al. 2017; Por 2017; Bos et al. 2020).
The 6.5-m Magellan Clay telescope at Las Campanas Observatory
(LCO) hosts a vAPP coronagraph for use in combination with the
Magellan Adaptive Optics (MagAO) system (Close et al. 2012;
Morzinski et al. 2014). This vAPP (described by Otten et al. 2017)
uses a polarization grating to split incoming light according to its
circular polarization, resulting in two complementary coronagraphic
PSFs each with a 180◦ D-shaped dark hole on the opposing side,
enabling a full view of the region around a target star in a single
image (Snik et al. 2012; Otten et al. 2014b). The size of these dark
holes is wavelength dependent, with inner and outer working angles
of 2–7 λ/D. A faint and unmodified ‘leakage’ PSF also appears
halfway between the two coronagraphic PSFs. These three PSFs
are shown in Fig. 1, with the centres of the PSF cores indicated by
black crosses. The centres of these PSFs were found by fitting the
PSF core with a 2D Gaussian and identifying the location of the
peak flux. The leakage term collates the polarization leakage (i.e. the
small fraction of light that does not receive the phase adjustment;
Doelman et al. 2020), and can be useful for photometric monitoring
of companions or other objects detected in the dark hole (Sutlieff
et al., in preparation), depending on the phase design of the vAPP in
question. The deep speckle suppression is highly advantageous, but
comes at the expense of a few factors. For example, a companion

will only be visible in the dark hole of one coronagraphic PSF,
hence a loss of overall companion flux of ∼50 per cent (Doelman
et al. 2020). Further, due to the use of a polarization grating to split
the coronagraphic PSFs, their separation is wavelength-dependent
and all three PSFs are laterally smeared across the detector (Otten
et al. 2017). However, narrow-band filters with a full-width at
≤ 0.06 can limit the smearing to
half-maximum (FWHM) of λ
λ
<1λ/D, albeit at the expense of a lower total flux compared to
when broad-band filters are used. The deep flux suppression of the
vAPP can be further augmented by bespoke data reduction and postprocessing strategies designed to remove residual speckles while
handling the unique PSF shape, achieving optimal sensitivity to
substellar companions in the dark hole. To date, the vAPP at the
Large Binocular Telescope has been used to image a protoplanetary
disc (Wagner et al. 2020a), and Apodizing Phase Plate coronagraphs
(APPs; the predecessor technology to the vAPP; Codona et al. 2006;
Kenworthy et al. 2007) were successfully used to detect substellar
companions at high contrasts (Meshkat et al. 2015a,b; Quanz et al.
2010, 2015). However, observations of substellar companions using
vAPPs have yet to be reported.
HR 2562 (HD 50571; HIP32775) is an F5V star with an estimated
mass of 1.368 ± 0.018 M (Mesa et al. 2018) at a distance of
34.007 ± 0.048 pc (Bailer-Jones et al. 2018; Gaia Collaboration et al.
2018). The key properties of the star are summarized in Table 1. As
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Figure 1. HR 2562 as it appears in a single science frame from the MagAO vAPP coronagraph after pre-processing (left-hand panel). The three PSFs
characteristic of the vAPP are visible, with the centres of the PSF cores indicated by black crosses. At the top and bottom of the image are the coronagraphic
PSFs with complementary D-shaped dark holes of deep stellar flux suppression (bounded by black dashed arcs), and the unmodified leakage PSF appears at the
origin. The spatial scale shows the differential offsets (in pixels) of the coronagraphic PSFs on the detector with respect to the leakage term, however all three
PSFs represent the same position on sky. On the right is the same frame with an artificial companion injected at a contrast of 4.0 × 10−2 ( m3.94μm = 3.5 mag)
and separation of 41 pixels. The companion PSFs (indicated by blue crosses) have the same shape and structure as the three stellar PSFs. The injected companion
can therefore be seen both in the dark hole of the top coronagraphic stellar PSF and, when compared to the left-hand panel, obscured by the flux of the bottom
one. The leakage term corresponding to the companion is also present to the left of the stellar leakage term, but is too faint to be visible. Both images are
presented with an arbitrary logarithmic colour scale. The frame is not aligned to north, and the lower left-hand corner is masked due to bad pixels.
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Table 1. Properties of host star HR 2562.
Parameter

Reference(s)

F5V
06:50:01.02
−60:14:56.92
450+300
−250
29.3767 ± 0.0411
34.007 ± 0.048
4.663 ± 0.084
108.377 ± 0.089
1.368 ± 0.018
1.334 ± 0.027
6597 ± 81
4.3 ± 0.2
0.10 ± 0.06
6.098 ± 0.010
5.9887 ± 0.0005
5.305 ± 0.020
5.128 ± 0.029
5.020 ± 0.016

(1)
(2)
(2)
(3)
(2)
(2, 4)
(2)
(2)
(3)
(3)
(5)
(3)
(3)
(6)
(2)
(7)
(7)
(7)

Note. References: (1) Gray et al. (2006); (2) Gaia Collaboration (2018);
(3) Mesa et al. (2018); (4) Bailer-Jones et al. (2018); (5) Casagrande et al.
(2011); (6) Høg et al. (2000); (7) 2MASS (Cutri et al. 2003)

is common for F-type stars without known membership of a moving
group or cluster, the age of the system is not well constrained, with
the strongest constraints on the age (450+300
−250 Myr) arriving from
measurements of the stellar lithium–temperature relationship (Mesa
et al. 2018). HR 2562 has a circumstellar debris disc at an inclination
of 78.0 ± 6.3◦ and position angle of 120.1 ± 3.2◦ , with an inner
radius of 38 ± 20 au and an outer radius of 187 ± 20 au (Moór et al.
2006, 2015). Using the Gemini Planet Imager (GPI; Macintosh et al.
2014) in the J-, H-, and K-band Konopacky et al. (2016) identified a
30 ± 15 MJup substellar companion to HR 2562, with an estimated
spectral type of L7 ± 3 at a projected separation of 20.3 ± 0.3 au
(0.618 ± 0.003 arcsec), orbiting coplanar to the debris disc and
within the inner gap of the disc. This companion is one of only
two detected brown dwarfs orbiting interior to its host debris disc,
alongside HD 206893 B (Milli et al. 2017). Mesa et al. (2018) and
Maire et al. (2018) conducted a further study of the system with the
Spectro-Polarimetric High-contrast imager for Exoplanets REsearch
(SPHERE; Beuzit et al. 2019) instrument at the Very Large Telescope
(VLT), completing an extensive spectrophotometric and astrometric
characterization of the companion through spectral observations in
the Y- to J-band range plus broad-band imaging in the H-band. They
derive a similar mass of 32 ± 14 MJup but an early T spectral type.
HR 2562 is an ideal target for the MagAO vAPP as the companion
separation is at the centre of the dark hole of the vAPP at 3.94 μm
(which covers a working angle of 261–912 mas at this wavelength) at
an achievable contrast (K2 = ∼10.4 mag; Konopacky et al. 2016).
It is therefore optimal for developing and testing procedures for
data reduction and post-processing. Furthermore, photometry of the
companion at a wavelength longer than those in previous studies can
further constrain physical properties of HR 2562 B, such as effective
temperature and surface gravity, and help to resolve the tension in its
spectral classification.
In this paper, we present the first reported images of a substellar
companion using a vAPP coronagraph. In Section 2 of this paper, we
describe the observations performed on HR 2562, and in Section 3
we outline the data reduction and new post-processing methodology
we developed for data obtained with a vAPP. In Section 4 we explain
how we obtained our photometric measurements, and fit spectral
MNRAS 506, 3224–3238 (2021)

2 O B S E RVAT I O N S
We observed the star HR 2562 and its substellar companion (separated by 643.8 ± 3.2 mas; Maire et al. 2018) on the nights of 2017
February 6 (02:47:39–05:16:11 UT) and 2017 February 7 (02:08:32–
07:34:34 UT), with the vAPP coronagraph and the MagAO (Close
et al. 2012; Morzinski et al. 2014) system on the 6.5-m Magellan
Clay telescope at LCO, Chile. We used the Clio2 Narrow near-IR
camera, which has a plate scale of 15.85 mas pixel−1 and an array
of 1024 × 512 pixels, giving a field of view of 16 × 8 arcsec2
(Sivanandam et al. 2006; Morzinski et al. 2015). The vAPP was
positioned in the pupil stop wheel of Clio2 as described in Otten
et al. (2017), such that three PSFs of the star appeared in a sequence
across the short axis of the detector (as shown in Fig. 1), leaving
significant room on the long axis for background subtraction by
nodding. We used a λ =3.94 μm narrow-band filter with a width
of 90 nm for these observations, which placed the companion at
the centre of the dark hole of the top coronagraphic PSF. With
= 0.023, so wavelength-dependent radial smearing
this filter, λ
λ
is limited to <0.4λ/D. Furthermore, the MagAO system achieves a
high Strehl ratio (>90 per cent) at this wavelength (Otten et al. 2017).
Atmospheric conditions were clear throughout the observations. On
the first night, seeing was measured at 0.6 arcsec at the beginning
of observations. At the start of the second night seeing was poor
(1.3 arcsec) with no wind, and improved to 0.5–0.6 arcsec seeing
by midnight, but with ∼13 m s−1 winds. Observations were obtained
in a continuous sequence on each night (interrupted only when the
adaptive optics loop opened). We obtained 362 and 403 data cubes
on the first and second nights, respectively. Each cube contains 10
sub-frames, where each sub-frame represents an integration time
of 2 s on the first night and 4 s on the second. The total on-target
integration time across both nights is thereby (362 × 10 × 2 +
403 × 10 × 4) = 23 360 s (∼6.5 h). The increased exposure time
for the second night was chosen as a compromise to minimize the
effect of readout noise without obtaining excessive flux due to the
high sky background at 3.94 μm. For background subtraction, we
used an ABBA nodding pattern. Dark frames were also obtained
at the corresponding exposure times for the science frames at the
end of the night. The majority of the data were obtained in fieldstabilized mode with the derotator switched on and the companion
position fixed in the dark hole. Although this is non-standard for
high-contrast imaging, our original intention for these observations
was to characterize the stability of the MagAO vAPP over time by
identifying fluctuations that correspond to instrumental systematics,
hence we wanted to keep souces stationary on the same pixels
(Sutlieff et al., in preparation). However, the derotator malfunctioned
part way through each night (at 05:01:08 UT on the first night, and
04:44:34 UT on the second), causing the field to rotate during the
remainder of the observing sequence. The field rotation when the
derotator was off was 4.36◦ and 42.29◦ on the first and second
nights, respectively. This mix of field-stabilized and pupil-stabilized
data is not the most optimal approach for high-contrast imaging.
Nonetheless, in the latter case, the high field rotation was sufficient
enough that we were able to use the Angular Differential Imaging
(ADI; Marois et al. 2006) technique to reduce quasi-static speckle
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Spectral Type
Right Ascension (J2000)
Declination (J2000)
Age (Myr)
Parallax (mas)
Distance (pc)
Proper motion (RA, mas yr−1 )
Proper motion (Dec, mas yr−1 )
Mass (M )
Radius (R )
Teff (K)
log(g) (dex)
[Fe/H]
V (mag)
G (mag)
J (mag)
H (mag)
K (mag)

Value

models and empirical templates to the data to obtain values for
the physical parameters of the companion. We then discuss these
results in Section 5, and compare them to previous results from the
literature. We also discuss the effectiveness and limitations of our
post-processing strategy. The conclusions of the paper are presented
in Section 6.

vAPP coronagraphic observations of HR 2562 B
noise in the data from the second night (as discussed in Section 3.2),
and determine a flux for the companion in the L-band regime for the
first time. All three of the PSFs remained unsaturated in the core. By
coincidence, HR 2562 was also observed with SPHERE on the night
of 2017 February 7, the second night of our observations (Maire et al.
2018; Mesa et al. 2018), providing an exact known position of the
companion in our observations.

3.1 Pre-processing
To handle the unique PSFs of the vAPP images, we used both
standard tools in the literature and bespoke techniques. First, we
discarded 10 data cubes from the first night and 49 cubes from
the second night that were unusable due to the adaptive optics
loop opening during detector exposure. We then corrected nonlinear pixels and bad pixels using the formulae and maps described
in Morzinski et al. (2015). The linearity correction is capable of
correcting measured counts up to 45 000 data numbers (DN), where
counts above 27 000 DN are considered non-linear. On average,
∼0.7 per cent of pixels in each frame were in this non-linearity
regime prior to correction and of these, none were present in the
vAPP dark holes except for a small cluster of bad pixels in the
top dark hole at the ‘A’ nod position, which were later corrected.
Although the bad pixel map did not cover all of the bad pixels in our
data, most of the remainder did not lie within or close to the vAPP
dark hole. A master dark frame was created for each night by median
combining five dark frames with the same array size, integration
times, and input offset voltage as our data. The master dark frame
was then subtracted from every raw science frame. We created an
‘A’ nod position sky flat and a ‘B’ nod position sky flat by median
combining all of the dark-subtracted science frames at the opposite
nod position. We normalized each of these sky flats by dividing
them by the median number of counts in a region of the frame away
from the PSFs. These normalized sky flats were then divided out of
the dark-subtracted science frames, removing variations caused by
the response of the detector and long-term sky structure throughout
the observations. After these calibrations, background subtraction
was carried out using the data from the opposing nod positions of
the ABBA pattern. For each data cube obtained in the A position,
we subtracted the corresponding B position data cube obtained
closest in time to the A position cube, and vice versa. To remove
any residual background offset, we then subtracted the median of a
clean region of the data from each frame. A number of instrumental
ghosts and other optical effects resulting from internal reflection
within the refractive optics of the setup are visible in the data (see
Section 5.2).
3.2 Post-processing
Additional post-processing of the data is required to further augment
the deep flux suppression of the vAPP and achieve the sensitivity
needed to detect HR 2562 B. To do this, we used custom modules
based on version 0.6.2 of the PYNPOINT package for high-contrast
imaging data (Stolker et al. 2019). First, we cropped each of the two
coronagraphic PSFs separately and fit their cores with 2D Gaussians
to align the data from both nod positions together, making an image
cube for each coronagraphic PSF covering the full sequence. This
placed the two nod positions at the same location and removed a
linear drift in position across the full observing sequence. Regions
inside the inner working angle of the vAPP and beyond the outer

expanse of the vAPP PSF were then masked and the two opposing
dark holes were joined together. At this stage, we separately applied
three different post-processing techniques to the joined dark holes,
designed to subtract speckle noise and other residual starlight not
suppressed by the vAPP, producing three final images.
Classical ADI (cADI): The first of these techniques was classical
ADI (cADI; Marois et al. 2006). We constructed a reference PSF by
taking the median combination of the data. This reference PSF was
then subtracted from the data. After subtraction of the reference PSF,
we aligned the images to north according to their parallactic angles
and median combined them. Unsurprisingly, as cADI is reliant on the
field rotation of the observations to prevent the inclusion of flux from
the companion in the reference PSF, we do not detect HR 2562 B in
the data from the first night. However, in the final cADI image from
the second night (which covered significantly more field rotation),
the companion is detected at the expected position in the centre of
the right-hand (after north alignment) vAPP dark hole and is shown
in the left-hand panel of Fig. 2. This is a marginal detection with
a signal-to-noise ratio (S/N) of 3.04. Although this is not at the
S/N = 5 level commonly accepted for a detection in a blind search, it
is reinforced by its presence at the known position of the companion
measured by Maire et al. (2018), in data obtained on the same night
using SPHERE.
Principal Component Analysis (ADI+PCA): The second postprocessing technique we applied to the joined dark holes was speckle
subtraction via Principal Component Analysis (ADI+PCA; Amara &
Quanz 2012; Soummer, Pueyo & Larkin 2012; Meshkat et al. 2014).
We used PCA to construct and subtract a reference PSF consisting
of 3 principal components, selected as the number that best removed
the visible speckle structure and residuals of the vAPP PSF. The
residual images were then aligned to north and median combined as
above. As above, this technique did not produce a detection in the
data from the first night, as the lack of field rotation led to companion
self-subtraction. We again marginally detect HR 2562 B in the final
image when ADI+PCA was applied to the second night of data, this
time with an S/N of 2.38 (centre, Fig. 2).
Flipped Differential Imaging (FDI+PCA): The third algorithm
we used to construct and subtract a reference PSF was a new
technique relying on the symmetry of the coronagraphic vAPP
PSFs (hereafter Flipped Differential Imaging, FDI+PCA). With
FDI+PCA, the reference PSF to be subtracted from one coronagraphic PSF is produced by applying the PCA algorithm to the
opposing coronagraphic PSF after it has been rotated by 180◦ .
This was recommended by Otten et al. (2017) and builds upon a
similar approach in the same paper, which uses the opposing vAPP
coronagraphic PSF as a reference directly (without applying PCA). It
is also similar to the technique used by Dou et al. (2015), who applied
the ADI+PCA concept using a single non-coronagraphic PSF under
180◦ rotation as a self-reference. As with ADI+PCA, the reference
PSF that we created consisted of three principal components. We
subtracted then north aligned and median combined to produce the
final images. In this case, we do not detect HR 2562 B in the images
from either night of data. The final FDI+PCA processed image for
the second night of data is shown in the right-hand panel of Fig. 2. The
symmetry-breaking factors that have affected the performance of the
FDI+PCA algorithm, including instrumental ghosts and wind-driven
halo, are discussed in Section 5.2. As FDI+PCA is not inherently
reliant on field rotation like cADI and ADI+PCA, in principle we
would expect it to be more effective when applied to the first night
of data compared to these techniques. However, it was clear from
pre-processing that the asymmetric features would have an even
stronger effect without field rotation, and that the increased effect
MNRAS 506, 3224–3238 (2021)

Downloaded from https://academic.oup.com/mnras/article/506/3/3224/6315345 by Universiteit van Amsterdam user on 21 March 2022

3 DATA R E D U C T I O N

3227

3228

B. Sutlieff et al.

of readout noise due to the shorter exposure time on the first night
further inhibits detection of the companion.
As we only detect the companion in the data from the second night
of observations (which covers a total integration time of 14 160 s),
we continue with the data from this night only for the remainder of
our analysis. In each of the final images, contamination is seen where
the edges of the dark holes were joined together, visible as structured
bright and dark patches in the north-east and south-west regions (see
segments indicated by blue dotted lines in Fig. 2). However, the
region surrounding the expected companion location (based on the
concurrent SPHERE observations; Maire et al. 2018) is unaffected
by this as it is positioned centrally in the vAPP dark hole.
4 R E S U LT S
The cADI reduction, using observations from the second night only,
gives the highest S/N for the companion in the final images (see
Fig. 2), so we proceed with this technique for the remainder of our
analysis, noting that it contains a mix of field- and pupil-stabilized
data. The companion was not detected in the first night of data,
which was primarily obtained in field-stabilized mode. Either greater
photon collecting power or targets with lower contrasts are required
to successfully detect companions in field-stabilized mode.
4.1 Photometric measurement
We measured the contrast ratio of HR 2562 B by injecting scaled
negative template companions into the data after pre-processing
at the known position of HR 2562 B, following the approach of
Bonnefoy et al. (2011), Galicher et al. (2011), Lagrange et al.
(2010). The PSFs of companions observed using a vAPP coronagraph
have the same shape and structure as the stellar PSFs, i.e. two
coronagraphic PSFs and a leakage PSF, all offset from the stellar
PSF. However, typically only the coronagraphic PSF in the dark
hole is seen, while the other is obscured by the bright coronagraphic
stellar PSF, and the companion’s leakage PSF is too faint to be
MNRAS 506, 3224–3238 (2021)

detectable (right-hand panel, Fig. 1). Template companion injection
is therefore only required around the coronagraphic stellar PSF where
the companion resides in the dark hole, as only this companion
PSF contributes to the detection. We produced this PSF template
by median combining the corresponding unsaturated coronagraphic
PSF of the star in the pre-processed images and cropping to the
first Airy ring. We then scaled the flux of the template relative to
the coronagraphic stellar PSF and subtracted it at the location of
the companion in the pre-processed data, iterating over different
values for the contrast ratio in a grid ranging from contrasts of
8.4 ≤  m3.94 μm (mag) ≤ 9.4 with a step size varying from 0.1 to
0.01 as the value was refined. For each injection, we applied cADI
as described in Section 3.2. The contrast measurement was then
taken as the value which minimized the root mean square in an
aperture at the companion location after the negative injection. We
also iterated over a grid of possible positions for the companion
and found a companion separation of 665.4 ± 24.0 mas and position
angle of 297.3 ± 2.3◦ . These values are consistent with those of Maire
et al. (2018) to within 1σ , who observed HR 2562 with SPHERE
on the same night as these observations and found a companion
separation of 643.8 ± 3.2 mas and position angle of 297.51 ± 0.28◦ .
The relatively large uncertainties on our position measurements can
likely be attributed to the photometric extraction process, which is
intrinsically less accurate in the low S/N regime of our measurement.
Despite this, the difference between the SPHERE position and our
position affects the contrast measurement at the millimagnitude level
only. We measure the 3.94 μm contrast to be (3.05 ± 1.00) × 10−4
( m3.94 μm = 8.79 ± 0.36 mag). We calculated the measurement
error on this value following Morzinski et al. (2015), which uses
the S/N of the companion in the final image. We measured an S/N
of 3.04 for the companion by dividing the Gaussian-smoothed peak
height of the companion by the standard deviation in an annulus
centred on the companion location with inner and outer radii of 1
× FWHM and 2 × FWHM wide, respectively. The uncertainty can
primarily be attributed to the quasi-static speckle noise throughout
the observations. This error bar is relatively large compared to
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Figure 2. The final post-processed images obtained with MagAO+vAPP, as processed using the cADI (left-hand panel), ADI+PCA (middle), and FDI+PCA
(right-hand panel) algorithms, and covering a total integration time of 14 160 s. The two D-shaped dark holes have been stitched together around their common
centre. Residual contamination is visible where the dark holes were joined together in the form of bright and dark regions in the north-east and south-west
(segments indicated by blue dotted lines). Regions inside the inner working angle of the vAPP and beyond the outer expanse of the vAPP PSF have been
masked. The expected location of the companion from concurrent SPHERE observations (Maire et al. 2018) is indicated by a dotted white circle in each
image. HR 2562 B is detected in the cADI and ADI+PCA images, but not in the FDI+PCA image. The non-detection in the FDI+PCA image is due to
symmetry-breaking factors such as instrumental ghosts and wind-driven halo, and is discussed in Section 5.2. The characteristic butterfly pattern of wind-driven
halo can be seen in the FDI+PCA image as extended bright and dark patches immediately and diagonally either side of the masked inner region. A bright spike
caused by instrumental scattered light is indicated in the blue dashed box. The bright patch in the south-west is a persistent detector defect that was not removed
during the data reduction process. All three images use an arbitrary logarithmic colour scale.
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literature measurements of companion contrast, again reflecting the
photometric extraction process in the low S/N regime of the detection.
The causes of this low S/N are discussed in Section 5.1.
The star does not have flux calibrated observations in the 3.94 μm
filter. To convert our contrast value to a measurement of the physical
flux of the companion, we used the Virtual Observatory SED
Analyzer (VOSA; Bayo et al. 2008) to fit the Spectral Energy
Distribution (SED) of the host star and calculate the stellar flux at
3.94 μm. We included literature photometry of HR 2562 from Gaia
(Gaia Collaboration 2018), 2MASS (Skrutskie et al. 2006), and WISE
(Wright et al. 2010) catalogues, and fitted a grid of BT-Settl models
(Allard, Homeier & Freytag 2012) using a chi-square test, assuming a
distance of 34.01 pc (Gaia DR2) and an extinction of AV = 0.07 mag
from the extinction map of Morales Durán, Alfonso Garzón & Freire
Ferrero (2006). The best-fitting model had Teff = 6600 K, log(g) =
4 dex, and [Fe/H] = 0.5, which are in good agreement with the
values derived by Mesa et al. (2018). Evaluating this model in
the 3.94 μm filter profile of MagAO/Clio2 and multiplying by our
contrast measurement of (3.05 ± 1.00) × 10−4 , we obtain a physical
flux of F3.94 μm = (1.3 ± 0.4) × 10−13 erg s−1 cm−2 micron−1 for
HR 2562 B at 3.94 μm. This value is shown in Fig. 3 alongside the
GPI spectrum from Konopacky et al. (2016) in the J, H, K1, and K2
bands; as well as the Y,J SPHERE IFS spectrum and SPHERE IRDIS
H-broad-band data point from Mesa et al. (2018). The SPHERE
IFS and GPI spectra are comparable where they overlap in the Jband, with a small systematic offset within the 1σ error bars at
∼1.28 μm. Mesa et al. (2018) note the possibility of systematic

offsets between GPI and SPHERE photometry, likely caused by
differences in the algorithms used for processing data, extracting
spectra and calibrating the flux (Rajan et al. 2017; Samland et al.
2017). We nonetheless include the data from both instruments in
our analysis of the companion SED, considering theoretical model
and empirical template fits to both the entire SED, and subsets that
exclude individual instruments (see Sections 4.2.1–4.2.2).
4.2 Spectral fitting
4.2.1 Theoretical atmospheric models
To determine the physical properties of HR 2562 B, we followed
the approach of Bohn et al. (2020a), using a linear least squares
approach to fit grids of theoretical spectra to the photometric data.
We selected a grid of BT-Settl models1 (Allard et al. 2012) limited
to effective temperatures between 400 K and 2500 K with a step
size of 100 K, surface gravities between 0.0 and 5.5 dex with a step
size of 0.5 dex, and metallicity [Fe/H] = 0. We then integrated the
flux of each model in the grid over the spectral response curves of
each observed filter to find the scaling parameter that best matched
the model to the SED of the companion, characterized as the value
that minimizes the Euclidean norm of the residual vector between
the two. The overall best-fitting model is then identified as the one
that results in the minimum residual compared to the SED. In lieu
1 Models
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Figure 3. The spectrum of HR 2562 B including our 3.94 μm observation with MagAO+vAPP (red square) alongside all previous photometric data: SPHERE
IRDIS photometry using the H broad-band filter (turquoise diamond), SPHERE IFS data in the Y and J bands (blue diamonds), and GPI spectral data in the J,
H, K1, and K2 bands (orange circles). The errorbars in the wavelength direction correspond to filter width, or in the case of the IFS and GPI spectral data points,
Gaussian widths corresponding to the resolution of the respective spectrograph in the relevant band (see 4.2.1). The width of the MagAO 3.94 μm narrow-band
filter is 90 nm. Some errors are smaller than the symbols.
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of spectral response curves for the SPHERE IFS and GPI spectral
data, we treated the spectral response of each wavelength channel
as a Gaussian corresponding to the resolution of the spectrograph in
the relevant band (Samland et al. 2017). When the fitting procedure
described above was performed on the full spectrum of HR 2562 B,
the minimum residual is given by a model with Teff = 1700 K and
log(g) = 5.0 dex, shown alongside the SED as a purple line in Fig. 4.
As the MagAO and SPHERE photometry were obtained concurrently
on the same night, we also performed the fitting procedure to this
subset of the data. On the other hand, as the GPI data were not
obtained concurrently with the MagAO data, we did not apply the
fitting procedure to that subset of data. The best-fitting model to the
subset of concurrent MagAO and SPHERE photometry alone instead
has Teff = 1200 K and log(g) = 4.0 dex, shown as a green line. The
reduced chi-square values of the fits to the full spectrum of HR 2562 B
and to the MagAO + SPHERE-only subset of data are 4.40 and 3.86,
respectively, suggesting that neither model is a particularly satisfying
match for the corresponding data. Indeed, while the Teff = 1700 K
model is statistically the best fit to the full SED and is a closer match
to the amplitude of the peaks in the GPI spectrum, it is almost flat in
the K-band and visibly fails to capture the wide absorption bands seen
in the SED of HR 2562 B. Conversely, while the Teff = 1200 K model
does show these absorption features, the amplitudes of the peaks miss
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those of the GPI spectrum. We attempt to explain these differences
between the synthetic spectra and the observational data, and the
corresponding absence of a strong best-fitting result, in Section 5.3.1.
We assess the effect of the photometric measurement errors on the
outcome of this fitting procedure by iterating 105 times, varying
the data flux values across Gaussian distributions centred on the
original value, where the uncertainty on the original value is used as
the standard deviation of the sampling. This statistical error on the
derived physical properties of the companion is given by the 2.5 and
97.5 percentiles of the corresponding distribution of models (Bohn
et al. 2020a). We then use the largest of either the statistical error
or the BT-Settl model grid spacing of ±100 K in temperature and
±0.5 dex in surface gravity as our reported uncertainties on these
physical parameters. By integrating over the full wavelength range
of the models and accounting for the distance to the system, we
further infer the companion luminosity in each case. The estimates
provided by the procedure described above, considering the full SED
and separately the MagAO + SPHERE-only subset of data, are given
in Table 2. The scaling parameter is equivalent to R2 /D2 , where R
is companion radius and D is the distance to the system (where D
is well constrained), so we are further able to infer radius estimates
for each best fit case. The fit to the full SED yields a radius of R =
0.56+0.02
−0.01 RJup , whereas in the MagAO + SPHERE-only case we
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Figure 4. The best-fitting BT-Settl models to the photometry of HR 2562 B. The purple line shows the best fit to the full SED of HR 2562 B, with Teff =
1700 K and log(g) = 5.0 dex, whereas the green line shows the best fit to the MagAO + SPHERE-only subset of data, with Teff = 1200 K and log(g) = 4.0 dex.
Both models have a metallicity of [Fe/H] = 0. Significantly different best-fitting models are found depending on the wavelength range considered, with very
different physical parameters allowed while still providing an equally good fit. Note the large difference in the models between 2.4 and 3.2 μm.
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Table 2. Estimated physical properties of HR 2562 B. The reported errors on the effective temperature and surface gravity are the largest
of either the statistical error or the BT-Settl model grid spacing. The errors on the luminosities are the statistical errors. Derived values
for the mass of HR 2562 B are found by evaluating the derived values of log(L/L ) with BTSettl and AMES-Dusty isochrones across the
200–750 Myr age range of the system, and the corresponding mass ratio with respect to the primary, q (see Section 5.3.3). The error on the
age of the system dominates the errors on the mass and q.
Data

Full SED

log(g) (dex)

log(L/L )

Mass (MJup )
BT-Settl
AMES-Dusty

1698+100
−100

4.98+0.5
−0.5

-4.60+0.03
−0.01

30.7+9.7
−12.1

1168+132
−100

4.22+0.78
−0.5

-4.87+0.10
−0.11

find R = 0.89+0.14
−0.27 RJup . The reported uncertainties on the luminosity
and radius estimates are the statistical errors. These results and the
differences between those derived in each fitting case are discussed
further in Section 5.3.1, where we note the likely unphysical radius
derived from the full SED.

4.2.2 Empirical templates
Noting the differences between synthetic spectra and the observations, we further performed the fitting procedure described in
Section 4.2.1 using empirical template spectra of field L and T
dwarfs from the SpeX Prism Spectral Libraries (Burgasser 2014).
These templates are limited in wavelength range to 0.65–2.56 μm,
and so do not extend to the 3.94 μm position of our MagAO data
point for the required spectral types. Nonetheless, we proceeded
with a comparison to these templates to further investigate the
differences between fits to the SPHERE and GPI data, as well as
to determine a spectral type for HR 2562 B. We find the bestfit template to the combined SPHERE and GPI data to be that of
2MASSW J2244316+204343 (McLean et al. 2003; Looper et al.
2008), which has a spectral type of L7.5 ± 2, plotted in Fig. 5 as
a pink line. The same best-fitting template is obtained when the
fitting procedure is performed for the GPI data alone, but fitting to
the SPHERE data alone instead best matches the spectrum of SDSS
J151643.01+305344.4 (spectral type T0.5 ± 1; Chiu et al. 2006;
Burgasser et al. 2010). This template is shown in Fig. 5 as a grey
line. We therefore consider HR 2562 B to have a spectral type at the
L/T transition, and discuss this interpretation further in 5.3.2.
5 DISCUSSION
5.1 Photometry
In Section 4.1, we report a marginal detection of HR 2562 B with an
S/N of 3.04 in the final image produced by cADI at a position which
matches that measured by Maire et al. (2018) and Mesa et al. (2018),
who observed this companion on the same night using SPHERE.
However, this value is notably lower than the S/N reported by Mesa
et al. (2018), who detected HR 2562 B at an S/N of ∼20 in their
final SPHERE IRDIS image, and ∼30 in their final SPHERE IFS
image. Although Konopacky et al. (2016) do not provide the S/N
of the detections of HR 2562 B in their final GPI images, it is clear
that these are on a similar order to the SPHERE detections. This
difference can primarily be explained by comparing the bandwidths
of each set of observations. For our MagAO+vAPP observations,
we used a 3.94 μm narrow-band filter with a width of 90 nm. This is
significantly narrower than the H broad-band SPHERE IRDIS filter,
which has a width of 290 nm and the wavelength ranges covered
by the final SPHERE IFS and GPI images, which are composed

25.1+9.9
−10.9

33.3+10.0
−11.3
26.3+10.7
−12.2

Mass ratio q
BT-Settl
AMES-Dusty
0.021+0.007
−0.008
0.018+0.007
−0.008

0.023+0.007
−0.008
0.018+0.007
−0.008

of spectral datacubes collapsed across their respective wavebands.
Our lower S/N is therefore unsurprising. The flux measurement error
of our MagAO data point is comparable to those of the individual
spectral data points of SPHERE IFS and GPI. The use of a broadband filter may be preferable if one were to conduct a blind search for
undiscovered companions, where the position is not already known,
as the wider wavelength coverage will enable the capture of greater
companion flux and hence a stronger initial detection. However,
the polarization grating of the MagAO vAPP causes wavelengthdependent smearing of the PSFs across the detector when broad-band
filters are used. An additional processing step is therefore required to
either extract the resulting low-resolution spectra or recombine the
PSFs along the axis of the vAPP. Alternatively, broad wavelength
coverage can be achieved without lateral smearing by using a vAPP
in combination with an integral field spectrograph, or a vAPP with a
360◦ dark hole, which is not affected by such smearing as a second
polarization grating is used to recombine the beams on axis (Doelman
et al. 2020). Another factor affecting the strength of our companion
recovery is the thermal background flux arising from both the sky
and the instrumentation itself, which is far greater at 3.94 μm than at
the shorter wavelengths used to observe HR 2562 in previous studies
(Lloyd-Hart 2000). The difference in the size of the telescopes used in
these observations further contributes to the lower S/N reported in this
work; the 6.5-m Magellan Clay Telescope used for these observations
is slightly smaller than the 8.1-m Gemini South telescope, on which
GPI is installed, and the 8.2-m VLT Unit Telescope, where SPHERE
is installed. Lastly, the combination of field-stabilized and pupilstabilized observations composing this data set may also have had
some impact on the S/N, as the field-stabilized parts may contribute
some companion signal to the reference PSF removed by cADI.
Due to the small angular coverage of the dark holes, residual noise
structure from the vAPP PSFs in the contaminated regions, and the
non-standard combination of field and pupil-stabilized observations
comprising this data set, it is not possible to produce a meaningful
assessment of the detection limits reached by each algorithm in this
particular case. In the final images, not enough space remains to place
the number of photometric apertures required to validly estimate the
noise term, especially at small separations (Jensen-Clem et al. 2018).
Furthermore, these detection limits will vary significantly not only
with angular separation from HR 2562, but also depending on the
position angle being considered. In lieu of such measurements of the
detection limits, we include an alternative, if limited, comparison of
the performance of the three algorithms applied to this data. Fig. 6
shows the S/N at the location of HR 2562 B in the final images, as
produced by each algorithm, as a function of the number of principal
components removed in each case. As stated in Section 3.2, cADI
produces the image with the highest S/N recovery of HR 2562 B
(S/N = 3.04). Although ADI+PCA is far more effective than
cADI at reducing noise, even succeeding in removing the residual
contamination from the vAPP PSF between the dark holes (dotted
MNRAS 506, 3224–3238 (2021)
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segments, Fig. 2), its performance is limited by oversubtraction which
reduces the signal of the companion. This can again be attributed to
the non-standard combination of field and pupil-stabilized data, due
to which the companion is fixed in the same location for a significant
fraction of the observing sequence. It is unsurprising that some degree
of companion self-subtraction occurs when our data is processed with
ADI+PCA as the first component of this algorithm is simply the
mean combination of the input images orthogonalized with respect
to the PCA basis. While this effect likely also impacts the signal
of the cADI detection, the reference PSF in this case is constructed
using a median combination of the data, which will capture a lesser
degree of companion flux when the majority of the observations are
pupil-stabilized. Removing additional PCA components gradually
suppresses the companion signal further, increasingly homogenizing
the image. In the case of FDI+PCA, with which the companion
is not detected, the variation of the noise is greater than the peak
flux at the companion location when a small number of principal
components are applied, leading to an S/N smaller than one. As
with PCA, this variation is gradually suppressed with additional
components.

MNRAS 506, 3224–3238 (2021)

5.2 Flipped Differential Imaging (FDI)
Although HR 2562 B is visible in the final cADI- and ADI+PCAprocessed images, we are unable to detect it in the image resulting
from the PCA-based FDI procedure. As FDI+PCA is inherently
reliant on the symmetry of the PSFs along the axis of the vAPP
(and by extension, the response of the detector to incoming flux),
artefacts such as reflection ghosts can have a significant effect on
the ability of the algorithm to achieve optimal flux suppression
in the vAPP dark holes (Otten et al. 2017). Long et al. (2018)
characterized many such artefacts on the Clio2 camera, including
some that are only visible following a background subtraction, and
several that scale with increased incoming flux, such as amplifier
cross-talk (Morzinski et al. 2015). A number of these effects and their
impact on the vAPP dark holes can be seen in Fig. 7. In particular, a
bright spike of scattered light passes directly through the dark hole
of the bottom coronagraphic PSF while the top remains unaffected.
Furthermore, this artefact does not appear in the same way when the
vAPP is positioned in the alternate nod position. The symmetry of
the coronagraphic PSFs was likely further impacted by the wind-
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Figure 5. The best-fitting empirical template spectra to the photometry of HR 2562 B, from a set of L and T dwarf templates taken from the SpeX Prism
Spectral Libraries (Burgasser 2014). The pink line shows the best fit to the combined SPHERE + GPI data, while the grey line shows the best-fitting model to
the SPHERE data only. These templates only extend to λ = 2.56 μm, and so do not reach the 3.94 μm wavelength of the MagAO data point, which is shown for
reference.
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driven halo effect described by Cantalloube et al. (2018, 2020) and
Madurowicz et al. (2018, 2019), which results when atmospheric
turbulence above the telescope pupil, primarily in the jet stream layer,
varies at a rate faster than can be corrected for by the deformable
mirror of the adaptive optics system. Indeed, the characteristic ‘butterfly pattern’ of wind-driven halo can be seen in the final FDI+PCA
image of Fig. 2 as the extended bright and dark patches on either
side of the masked inner region. Even if the butterfly pattern were
perfectly aligned along the axis of the vAPP, interference between
scintillation effects and the lag in adaptive optics correction gives
rise to an asymmetry in the butterfly pattern itself. This asymmetry
is wavelength-dependent, growing stronger at longer wavelengths.
As these instrumentational and atmospheric effects all negatively
impact the symmetry between the two coronagraphic stellar PSFs, it
is likely that the reference PSF constructed using FDI+PCA on our
HR 2562 data was a poor match for the opposing coronagraphic
stellar PSF, thus explaining the non-detection of the companion
in the final image. Companion detection using the first night of
observations was further inhibited by the increased effect of readout
noise resulting from the shorter exposure time. Although successful
photometric extraction via FDI+PCA was not possible within the
limitations of the data presented here, it could be a potentially
effective strategy for future observations if a high enough degree of
symmetric precision can be reached between the two coronagraphic
PSFs of the vAPP. FDI+PCA is built on the approach of Otten
et al. (2017), who use the opposing vAPP coronagraphic PSF as a
reference directly, without PCA. When applied to MagAO+vAPP
observations obtained under excellent atmospheric conditions, they
find that this technique reaches contrasts up to 1.46 magnitudes
deeper than cADI. They further cite the case of Dou et al. (2015),
who apply ADI+PCA to a non-coronagraphic PSF under 180◦
rotation to create a reference PSF, and achieve an order of magnitude
improvement in contrast at small separations (compared to when
the Locally Optimized Combination of Images algorithm, LOCI,
is applied to ADI data; Lafrenière et al. 2007). Considering these
results, Otten et al. (2017) conclude that a PCA-based algorithm
such as FDI+PCA should produce an improved reference PSF and

Figure 7. A background-subtracted and median combined frame from the
3.94 μm MagAO+vAPP observations of HR 2562, cropped around the vAPP
PSFs. A number of PSF symmetry-breaking artefacts are visible, including
reflection ghosts (highlighted in blue) and a bright spike of scattered light
that passes directly through the dark hole of the bottom PSF (in orange). The
frame is not aligned to north.

achieve even deeper contrasts compared to when the opposing vAPP
PSF is used as a reference without PCA. However, as the observations
here are not fully optimized for high-contrast imaging, and further
contain the symmetry-breaking artefacts described above, they serve
to highlight where this technique can break down. An analysis using
better optimized data is required to fully determine the potential of
FDI+PCA and to compare its performance to that of other postprocessing algorithms. Coronagraphic simulations could further be
used to assess the extent to which different symmetry-breaking
factors limit the performance of FDI+PCA and establish mitigation
strategies for the most significant contributors. Although instrumental artefacts such as reflection ghosts may be challenging to remove
completely, asymmetries arising from effects such as wind-driven
halo vary between observations, and will be increasingly manageable
with ongoing advancements in wavefront sensing and predictive
control (Guyon & Males 2017; Jovanovic et al. 2018; Miller et al.
2018, 2021; Bos et al. 2019; van Kooten, Doelman & Kenworthy
2020). A number of 180◦ coronagraphs are currently installed on
instruments at other telescopes, including SCExAO/CHARIS on the
8.2-m Subaru Telescope (Doelman et al. 2017) and LMIRcam/ALES
on the 8.4-m Large Binocular Telescope (Otten et al. 2014a), and
several are planned for future instruments, such as MagAO-X on
Magellan (Miller et al. 2019), ERIS on the VLT (Boehle et al. 2018;
Kenworthy et al. 2018), and METIS on the ELT (Carlomagno et al.
2016; Brandl et al. 2018). A thorough evaluation and comparison of
the different post-processing algorithms that can be applied to vAPP
data is essential if observations using vAPP coronagraphs are to be
used to their full potential. While the effectiveness of FDI+PCA
MNRAS 506, 3224–3238 (2021)
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Figure 6. The S/N at the companion location in the final images produced by
each algorithm, as a function of the number of principal components removed
in each case. Although ADI+PCA is more effective at removing noise than
cADI (see Fig. 2), its performance is negatively impacted by oversubtraction
which reduces the signal of the companion. As HR 2562 B is not detected in
the FDI+PCA images, the variation of the noise is greater than the peak flux
at the companion location, leading to an S/N smaller than one. Removing
additional principal components has the effect of increasingly homogenizing
the image, causing the S/N at the companion location to tend towards one.
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has not yet been demonstrated, it is an alternate processing pathway
uniquely available to the vAPP and thus could prove advantageous
if the limiting factors can be overcome.
5.3 Companion characterization
5.3.1 Theoretical atmospheric models

MNRAS 506, 3224–3238 (2021)

5.3.2 Empirical templates
The fitting of empirical template spectra to the SPHERE + GPI data
together gave a best-fitting object with a spectral type of L7.5 ± 2,
while the best fit to the SPHERE data alone was an object with
a spectral type of T0.5 ± 1, suggesting that HR 2562 B has a
spectral type within the L/T transition regime. These results are
consistent with those previously reported. For example, Mesa et al.
(2018) compared their extracted spectrum to a range of template
spectra between L5 and T5.5 and concluded that an early T (T2T3) spectral type was the best match overall, but that their SPHERE
IRDIS H broad-band data point was better described by a late L
spectra. Similarly, Konopacky et al. (2016) found that the GPI SED
in full is not matched perfectly by the empirical spectra of any other
object but that objects with spectral types between L3.5 and T2 do
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The fitting of BT-Settl atmospheric models to the full SED and
separately to the MagAO + SPHERE-only subset of data produces substantially different physical parameters for HR 2562 B
(see Table 2). Our values for the concurrent MagAO + SPHERE
data are in good agreement with Mesa et al. (2018), who found
Teff = 1100 ± 200 K and log(g) = 4.75 ± 0.41 dex by fitting
several atmospheric models to the SPHERE data only, including
the BT-Settl models used in this work. Konopacky et al. (2016),
whose analysis of the GPI spectra by way of evolutionary models
produces Teff = 1200 ± 100 K and log(g) = 4.7 ± 0.32 dex, is
also in good agreement. Our calculated radius from the MagAO +
SPHERE-only case is R = 0.89+0.14
−0.27 RJup , which is consistent within
1σ to Konopacky et al. (2016), who estimated a radius of R =
1.11 ± 0.11 RJup using the evolutionary models from Saumon &
Marley (2008). However, the temperature and surface gravity values
produced by fitting the full SED with BT-Settl are notably higher, and
Teff = 1698 ± 100 K is inconsistent with the literature. Furthermore,
the sub-Jupiter value for the radius derived from this analysis (R =
0.56+0.02
−0.01 RJup ) is unphysically small due to the pressure of degenerate
electrons in the interior of brown dwarfs (Chabrier et al. 2009). We
also note that neither of the best-fitting models resulting from our
analysis is a strongly compelling match for the SED of the companion
when inspected visually. The Teff = 1700 BT-Settl model, although
statistically the best fit to the full SED, does not feature the wide
absorption bands visible in the companion SED. While these bands
are seen in the Teff = 1200 BT-Settl model, this model instead fails
to match the absolute fluxes of the GPI observations. In both cases,
the reduced chi-square values of the fits suggest that a good fit is
not achieved, although arguably one might favour the models that
produce physically plausbile radii. Such wide-ranging best-fitting
parameters and low radii estimates resulting from fits of atmospheric
grid models to observations of substellar objects with L/T spectral
types have been reported previously, with an apparent dependence
on both wavelength range and the specific wavebands included in
the fit, as well as the models used (Morzinski et al. 2015; Rajan et al.
2017; Stone et al. 2020; Wilcomb et al. 2020; Ward-Duong et al.
2021). Manjavacas et al. (2014) found that although the BT-Settl
models are largely successful at reproducing the SEDs of L-type
objects, they do not always match the redness of the spectral slope
in the near-infrared, suggesting that the cloud models do not include
enough dust at high altitudes. Indeed, despite accounting for nonequilibrium chemistry and aiming to reproduce the L/T transition in
brown dwarfs, Bonnefoy et al. (2016) demonstrated that the BT-Settl
models can struggle to simultaneously produce good matches for
both the shape and absolute fluxes of the SEDs of the highly red
HR8799 planets, leading to underestimated radii (Marois et al. 2008;
Marley et al. 2012). The challenge in fitting these models to the SED
of HR 2562 B (and the resulting wide range of physical parameters)
could therefore be due to the slightly enhanced flux in the K-band
compared to the J- and H-bands, potentially caused by the presence
of dust in the high altitude cloud layer. Although HR 2562 B is
not so strongly red as HD 206893 B (the reddest substellar object
observed to date, and a system with remarkably similar architecture
to HR 2562 (Milli et al. 2017; Ward-Duong et al. 2021), Mesa et al.

(2018) show that it is slightly redder than other objects at the L/T
transition, such as HN Peg B (which is of comparable mass and
age; Luhman et al. 2007). We also consider the possibility that the
model fit to the full SED could be impacted by systematic differences
between the SPHERE and GPI photometry. Although the SPHERE
IFS and GPI spectra are comparable where they overlap in the Jband, it could be argued that there is a small difference between the
two, due to differences in the flux calibration or otherwise. However,
a constant offset applied to bring the two level would still fail to bring
the GPI K-band data to match the best-fitting models in either case.
Brown dwarfs are known to vary in time, and that such variability can
manifest differently at different wavelengths (Biller et al. 2013; Vos,
Allers & Biller 2017; Manjavacas et al. 2018; Vos et al. 2018; Bowler
et al. 2020). This could influence the shape and absolute fluxes of the
SED of HR 2562 B, including any difference between the SPHERE
and GPI photometry, although the SPHERE and MagAO+vAPP
data are concurrent. A large Spitzer survey of isolated brown dwarfs
concluded that photometric variability is ubiquitous for L and T
dwarfs, with some exhibiting up to ∼5 per cent amplitude variations
(Metchev et al. 2015). Recent studies have provided further evidence
that brown dwarfs close to the L/T transition present the most
variability, attributing the variations to patchy clouds (or clouds of
varying thickness) rotating in and out of view throughout the rotation
periods of the objects (Karalidi et al. 2016; Charnay et al. 2018;
Vos et al. 2019; Zhou et al. 2020). The 3.94 μm MagAO+vAPP
measurement matches the Teff = 1200 K, log(g) = 4.0 dex bestfitting model to the MagAO + SPHERE data, but the error bar spans
a wide range of BT-Settl models with different physical parameters,
including the Teff = 1700 K, log(g) = 5.0 dex best-fitting model to
the full SED. Although this data point alone is therefore unable to
further constrain the physical parameters of HR 2562 B, we can
conclude that its flux at this wavelength is not unusual for an object
of the range of temperatures and surface gravities previously derived
for HR 2562 B in the literature and lend additional weight to these
values. It is clear from Fig. 4 that complementary observations in the
2.4–3.2 μm region would be most effective in distinguishing models
due to the onset of significant absorption bands in this region for
cooler objects. To overcome telluric bands in this window, this will
likely require space-based instruments such as the James Webb Space
Telescope (JWST; Gardner et al. 2006; Perrin et al. 2018), or groundbased high resolution spectroscopy (Birkby et al. 2013; Snellen et al.
2014; Schwarz et al. 2016; Hoeijmakers et al. 2018). JWST/MIRI will
further provide characterization at wavelengths longer than ∼5 μm,
with observations of HR 2562 B already planned as part of Cycle 1
GTO Program 1241 (PI: M. Ressler).
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5.3.3 Mass estimation
To derive a range of possible values for the mass of the companion, we
evaluated our inferred luminosities with BT-Settl (Allard et al. 2012;
Baraffe et al. 2015) and AMES-Dusty (Chabrier et al. 2000; Allard
et al. 2001) isochrones across the system age range of 450+300
−250 Myr
range found by Mesa et al. (2018). Although this process could also
be performed using our derived values for effective temperature or
surface gravity, luminosity is generally much less model dependent
(Bonnefoy et al. 2016). The two different sets of models account for
atmospheric dust formation in different ways; the BT-Settl models
do so by way of a parameter-free cloud model whereas the AMESDusty models assume that dust is formed in equilibrium with the
gas phase. The results of this mass evaluation are presented in
Table 2, alongside the corresponding values of mass ratio with
respect to the primary, q. Considering the spread of these results, we
report a weighted average value of 29 ± 15 MJup as our final mass
estimate with a corresponding mass ratio q of 0.020 ± 0.011. This
is consistent with the range of values found by Mesa et al. (2018) by
comparing evolutionary models to the SPHERE photometry in each
band individually using the same age range, as well as their final
reported value of 32 ± 14 MJup . A similar estimate of 30 ± 15 MJup
was found by Konopacky et al. (2016), who assumed a slightly
higher and wider age range of 300–900 Myr. As previously noted by
Mesa et al. (2018), these values are consistent with those of a brown
dwarf with a late-L/early-T spectral type when compared to the
dynamical mass measurements of ultracool M7-T5 objects by Dupuy
& Liu (2017), matching the spectral classification in Section 5.3.2.
The wide uncertainties on these estimates are dominated by the
uncertainty on the age of the system, which is not well constrained
for HR 2562, and reflect the strong dependence of substellar
companion mass measurements on system age. Either a dynamical
mass measurement or improved constraints on the age of the system
are therefore crucial if the mass of HR 2562 B is to be constrained
further.

6 CONCLUSIONS
We present an S/N=3.04 recovery and tentative characterization of
a companion in the lesser studied L-band regime using a vAPP
coronagraph in observations obtained with MagAO+vAPP, recovering the known brown dwarf companion to HR 2562 previously
studied with GPI (Konopacky et al. 2016) and concurrently with
SPHERE (Maire et al. 2018; Mesa et al. 2018). We processed our
3.94 μm images using cADI, ADI+PCA, and a newly developed
algorithm, FDI+PCA. We measure the companion 3.94 μm contrast
to be (3.05 ± 1.00) × 10−4 relative to the host star, which is equivalent
to a physical flux of (1.3 ± 0.4) × 10−13 erg s−1 cm−2 micron−1 .
The companion is visible in images produced by applying cADI
and ADI+PCA to the observations from the second night. The
highest S/N (=3.04) is produced by cADI. Although this S/N is
low, the companion recovery is further supported by its position,
which matches that measured by Maire et al. (2018) in observations
obtained on the same night. This S/N is lower than those of literature
detections of HR 2562 B, but this can primarily be attributed to
the significantly narrower filter used in this work and the higher
thermal background at 3.94 μm. We do not detect HR 2562 B in the
final images produced from the first night of observations, which did
not cover sufficient field rotation to prevent self-subtraction when
applying post-processing algorithms. Performing observations in
pupil-stabilized mode, with the field of view rotating, is therefore
likely necessary to detect high-contrast systems like HR 2562 B
with this instrument setup. We describe FDI+PCA, a new postprocessing algorithm that uses the symmetry of the vAPP PSFs to
construct a reference PSF for subtraction from the data, removing
quasi-static speckle noise. Although we were unable to recover the
companion in our FDI+PCA processed image, we explain the impact
of instrumental scattered light and wind-driven halo which degrade
the symmetry of the vAPP and consequently reduce the effectiveness
of the algorithm. FDI+PCA may still prove effective for future data
sets that use a 180◦ vAPP, obtained under more optimal atmospheric
conditions or on instruments with fewer scattered light artefacts,
but further analysis is required to assess its potential. Broad-band
filters may be preferred for MagAO+vAPP observations conducting
blind searches for undiscovered companions as wider wavelength
coverage will enable stronger detections, despite the lateral smearing
of the PSFs that occurs when such filters are used. This wavelengthdependent smearing can be handled through additional processing to
either extract the resulting low-resolution spectra or collapse the PSFs
along the axis of the vAPP. This wavelength-dependent smearing
can alternatively be avoided by using a 360◦ vAPP coronagraph,
which does not have such smearing even when broad-band filters are
used (Doelman et al. 2020). Wide wavelength coverage can also be
achieved when vAPPs are combined with integral field spectrographs
(Otten et al. 2014a). Nonetheless, MagAO+vAPP still allowed a
measurement in the lesser studied L-band regime. We fit BT-Settl atmospheric models to our 3.94 μm flux in combination with literature
spectral data from GPI (Konopacky et al. 2016) and SPHERE (Mesa
et al. 2018), and find different results depending on the wavebands
included in the fit. We do not find a single model that is a convincing
match to the SED, and instead find a wide range of allowable values,
including 1200 ≤ Teff (K) ≤ 1700 and 4.0 ≤ log(g)(dex) ≤ 5.0
for the companion; dependent on which wavelength regions are
fitted. Although we were therefore unable to significantly further
constrain the physical parameters of the companion, the consistent
measurements lend additional weight to those derived in the literature
and highlight the degeneracies that arise from fitting atmospheric
models to brown dwarf atmospheres. Complementary observations
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offer good fits to individual wavebands, concluding a spectral type of
L7 ± 3 while noting that brown dwarfs can have very different colours
while possessing similar spectral features (Leggett et al. 2003; Cruz
et al. 2018). This also reflects the issue described in Section 5.3.1,
where fitting atmospheric models to different wavelength ranges
or individual wavebands can produce different results. One might
further consider that brown dwarf companions and field brown
dwarfs could have different properties, and that the spectra of
field brown dwarfs may therefore not be the ideal comparison
to those of bound substellar companions. While Liu, Dupuy &
Allers (2016) found evidence that young brown dwarf companions
with late-M and L spectral types may form distinct sequences on
infrared colour–magnitude diagrams compared to the field dwarf
population, their analysis suggests that the two populations are
broadly consistent in the L/T transition regime (noting however,
that the L/T transition lies beyond the spectral type and colour range
of their fits). Mesa et al. (2018) stated that observations on a wider
wavelength range would be needed to completely disentangle the
spectral classification of HR 2562 B. While the 3.94 μm MagAO
data point can potentially assist with this, there remains a lack of L
and T dwarf empirical template spectra in the literature that cover
the wavelength range up to and including 3.94 μm. Without such
benchmark spectra for comparison, attaining a model-independent
classification of the spectral type of HR 2562 B remains a
challenge.
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