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ABSTRACT

Context. Hydrodynamical simulations of planet-disk interactions suggest that planets may be responsible for a number of the sub-
structures frequently observed in disks in both scattered light and dust thermal emission. Despite the ubiquity of these features, direct
evidence of planets embedded in disks and of the specific interaction features like spiral arms within planetary gaps still remain rare.
Aims. In this study we discuss recent observational results in the context of hydrodynamical simulations in order to infer the properties
of a putative embedded planet in the cavity of a transition disk.
Methods. We imaged the transition disk SR 21 in H-band in scattered light with SPHERE/IRDIS and in thermal dust emission with
ALMA band 3 (3 mm) observations at a spatial resolution of 0.1′′. We combine these datasets with existing band 9 (430 µm) and band
7 (870 µm) ALMA continuum data.
Results. The Band 3 continuum data reveals a large cavity and a bright ring peaking at 53 au strongly suggestive of dust trapping.
The ring shows a pronounced azimuthal asymmetry, with a bright region in the north-west that we interpret as a dust over-density. A
similarly-asymmetric ring is revealed at the same location in polarized scattered light, in addition to a set of bright spirals inside the mm
cavity and a fainter spiral bridging the gap to the outer ring. These features are consistent with a number of previous hydrodynamical
models of planet-disk interactions, and suggest the presence of a ∼1 MJup planet at 44 au and PA=11deg. This makes SR21 the first
disk showing spiral arms inside the mm cavity, as well as one for which the location of a putative planet can be precisely inferred.
Conclusions. SR 21’s main features in both scattered light and thermal emission are consistent with hydrodynamical predictions of
planet-disk interactions. With the location of a possible planet being well-constrained by observations, it is an ideal candidate for
follow-up observations to search for direct evidence of a planetary companion still embedded in its disk.

Key words. Protoplanetary disks – Techniques: polarimetric – Scattering

1. Introduction

Protoplanetary disks are the places where planet formation takes
place, yet the associated timescales and evolutionary processes
are not well-constrained by observations. Planet formation is
thought to induce morphological features in their parent disk,
such as rings and gaps, spiral arms or vortices. Such structures
were indeed detected in a growing sample of disks in mm-
emission as well as in optical and near infrared scattered light
(see e.g. Andrews et al. 2018; Avenhaus et al. 2018 for recent

? Based on observations performed with SPHERE/VLT under pro-
gram ID 1100.C-0481(Q).

examples). If indeed caused by embedded planets, this suggests
that planet formation occurs early in the lifetime of the disk. Of
particular interest in that respect have been so-called transition
disks. These are disks that show a lack of flux in the 10 µm wave-
length range, suggestive of large cavities.

It has been proposed that these cavities are carved out by
the emerging proto-planets, yet so far only one such system is
known where planets are indeed detected (PDS 70, Keppler et al.
2018; Müller et al. 2018; Haffert et al. 2019). Thus additional
observations are required to make firm the link between planet
formation and the opening of cavities.
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EM* SR 21 (hereafter, SR 21) is a nearby (138.4±1.1 pc,
Gaia Collaboration 2018) member of the Ophiuchus star forming
region. SR 21 has a wide (6.7′′) binary companion (Barsony et al.
2003) confirmed by recent GAIA DR2 measurements of proper
motion and parallax. The presence of a close (∼0.1′′) compan-
ion (possibly a forming proto-planet) was suggest by Eisner et al.
(2009) using mid-IR aperture masking interferometry data, but
was so far not confirmed.

A low resolution spectroscopic study by Herczeg & Hillen-
brand (2014) found SR 21 to be of spectral type F7 with an age of
10 Myr and a mass of 1.67 M�. Higher resolution X-SHOOTER
observations by Manara et al. (2015) confirmed its status as an
intermediate mass star.

The SR 21 system has been the subject of intense observa-
tional study. Brown et al. (2007) utilized Spitzer spectroscopic
observations in the IR to classify it as a transition disk with a
large inner cavity. Andrews et al. (2011) indeed found an inner
cavity radius of the mm-sized grains of ∼40 au using SMA ob-
servations at 880 µm. This is confirmed with higher spatial reso-
lution ALMA observations at 430 µm by Pérez et al. (2014), who
also reports a large asymmetry in the resolved mm-emission,
suggestive of a vortex and a potential spiral structure in the
South-West of the disk. It was found by Pontoppidan et al.
(2008) that the gas extends much further inwards to a truncation
radius of ∼7 au.

The system was previously observed at near infrared wave-
lengths by Follette et al. (2013) who detect morphological differ-
ences in polarized scattered light. They found that the small dust
grain population extends inside the mm-cavity. While their data
was suggestive of a potential warp in the disk due to a possible
change in disk position angle with radius, they did not resolve
specific structures inside the mm-cavity. A very recent study by
Sallum et al. (2019) used non redundant masking imaging data in
the near infrared to find a truncation radius of small dust grains
between 4 au and 7 au, consistent with the findings of Pontoppi-
dan et al. (2008). Their data is also suggestive of strong asymme-
tries in the inner disk, caused either by a warp or spiral features.

We present here new polarized scattered light observations
of the SR 21 system carried out with VLT/SPHERE (Spectro-
Polarimetric High-contrast Exoplanet REsearch, Beuzit et al.
2019) in the near infrared and with ALMA in Band 3 at 3 mm.

2. Observations and data reduction

In the following we describe the details of the observations of the
SPHERE and ALMA observations as well as the data reduction.

2.1. Observations

The SPHERE observations were acquired on March 1st 2018
with SPHERE/IRDIS (Infra-Red Dual-beam Imager and Spec-
trograph, Dohlen et al. 2008) in dual-beam polarimetric imag-
ing mode (dpi, Langlois et al. 2014; van Holstein et al. 2020;
de Boer et al. 2020). We observed the system with the broad
band H filter and the broad band J filter. H-band observations
were carried out with a Lyot coronagraph in place with an inner
working angle of 92.5 mas (Martinez et al. 2009; Carbillet et al.
2011). The conditions during both observations sequences were
excellent with Seeing varying between 0.44′′ and 0.57′′ and co-
herence time above 4 ms. For H-band we recorded 21.3 min of
data while for J-band we recorded 13.3 min.

The ALMA Band 3 observations were carried out in Cycle
5 (2017.1.00884.S, PI: Pinilla) on November 9th 2017 with the

12 m array in configuration C43-8 using 44 antennas. The total
integration time was 41 min with a maximum baseline of 8.5km.
We note that only these long baseline observations were car-
ried out and we are missing shorter baselines, limiting the maxi-
mum recoverable scale to 1.4 arcsec. The spectral setup had two
spectral windows centered on the 13CO J=1-0 and C18O J=1-0
transitions with rest frequencies at 110.201354 and 109.782176
GHz, and a bandwidth of 937.5 MHz (resolution of 488 kHz) and
234.38 MHz (resolution of 122 kHz), respectively, and two spec-
tral windows for the continuum, centered at 108 GHz. In one of
them, the correlator was set to time division mode (128 channels,
31.25 MHz resolution and 1875 MHz total bandwidth), while in
the other one it is set to frequency division mode (3840 channels,
488 kHz resolution, 937.5 MHz total bandwidth).

2.2. Data reduction

The SPHERE observations were reduced with the IRDAP
(IRDIS Data reduction for Accurate Polarimetry) pipeline by van
Holstein et al. (2020). The pipeline follows largely the polari-
metric data reduction as outlined in Ginski et al. (2016) and van
Holstein et al. (2017). It includes a full Mueller Matrix model
of the instrument and telescope system and thus can accurately
compute and subtract the instrumental polarization. After the
initial data reduction to retrieve Stokes Q and U images, the
pipeline computes the polar Stokes vector images Qφ and Uφ

following Schmid et al. (2006). We show the final Qφ images for
the SPHERE H and J-band observations in figure 1.

Self-calibration was performed on band 3 using CASA v.
5.1.1 (McMullin et al. 2007), improving the signal-to-noise
of the data by a factor of two compared to the product. We
used tclean to produce the images of Band 3 data, with Briggs
weighting and a robust parameter of 0.0 for the best compromise
between resolution and sensitivity. The synthesized beam of the
image is 0.10′′×0.09′′ with an rms of 13.6 µJy/beam, a total flux
of 8.2 mJy, with a peak value of 0.35 mJy/beam (∼ 25 ×σ). Pre-
vious observations at 3.3 mm using ATCA (Ricci et al., 2010)
found a total flux of 4.2 mJy, our current observations at similar
wavelength suggest twice the ATCA flux. We also use the data
presented in Pinilla et al. 2015 in Band 9 (690 GHz) and Band 7
(343 GHz) from Cycle 0 and Cycle 1 ALMA observations (Pérez
et al. 2014; van der Marel et al. 2016).

3. Disk morphology

In the following sections we describe the morphology of the disk
as seen in scattered light and (sub-)mm emission and compare it
with hydrodynamic models of planet-disk interaction.

3.1. Scattered light images

The H-band polarized scattered light images of SR21 (see Fig. 1,
left panel) reveal the complex structure of a nearly face-on disk.
An asymmetrical outer ring (Ring 1, third panel Fig. 1) is de-
tected at a radius of ∼0.4′′, in a similar location to the con-
tinuum emission previously detected in Band 7 (van der Marel
et al. 2016) and Band 9 ALMA data (Pérez et al. 2014). This
ring is constituted of two bright arcs, along the north-west quad-
rant (Arc 2) and the south side of the disk (Arc 1), also seem-
ingly coincidental with the two brighter arcs detected in Band 7
by van der Marel et al. (2016). We derive an outer radius of
0.51′′(∼70 au), at the 3-σ level, from the (azimuthally-averaged)
radial polarized intensity profile.
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Fig. 1. SPHERE/VLT scattered light observations of SR 21. From left to right we show the H-band observation with coronagraph, the J-band
observation without coronagraph, the annotated H-band data, each normalized to its maximum flux. The rightmost panel shows an over-saturated
cut of the r2-scaled H-band data. We are showing in all cases the Qφ image. In the H-band epoch the grey hatched software mask indicates the
coronagraph, while in J-band it indicates the inner working angle of the polarimetric observations. In both epochs we indicate the size of one
resolution element with white filled circles in the lower left corner.

In more detail, the H-band data reveals two bright spiral
arms that are visible inside this ring, winding out clockwise
and with the outer one (Spiral 1) being the brightest of the two.
They extend from an inner radius of ∼0.14′′(Ring 2), inside the
mm-cavity previously detected with both SMA (Andrews et al.
2011) and ALMA in multiple bands, and rapidly become fainter
with increasing radius. A partial gap (Gap 1) or shadow separates
them from the outer ring.

The second panel of Fig. 1 shows the J-band non-
coronagraphic epoch, where we can see the polarized scattered
light extending in as far as ∼0.06′′(∼8 au) from the star. Here we
see a third bright ring at this location, consistent with the pres-
ence of a gas and micron dust grain cavity in the innermost few
au as determined by Pontoppidan et al. (2008).

The right panel of Fig. 1 shows one faint additional feature
in an over-saturated cut of the H-band data, in the North side and
inside the gap (Gap 1) between the spiral arms and Ring 1. What
appears to be a kinked spiral, or possibly a streamer, can be seen
wrapping out clockwise, extending from one of the bright inner
spirals in the north-east, and out towards the Arc 2 in the north-
west. Using the Uφ image (which contains little or no astrophysi-
cal signal) to generate a radial noise map, we find that this feature
has a signal-to-noise ratio of ∼3.5 close to the launching point at
the inner ring. This signal-to-noise ratio decreases to ∼2.3 near
the point where it connects to the outer ring. We note that this
signal-to-noise ratio was computed on a pixel by pixel basis and
takes not into account that a clear shape is visible in the data.

The polar projection of the high-pass filtered H-band image
can be seen in the top panel of Fig. 2. The projection showcases
the spiral arms, seen here as two diagonal bright lanes, with Spi-
ral 1 showing a varying pitch angle. In this figure we can also see
that the Arc 2 region of Ring 1, around 300 to 350◦ in PA, is not
entirely horizontal. Ring 1 is therefore not entirely circular, with
the north-western arc appearing like a spiral feature in the polar
projection. A similar behavior can be seen, for example, in the
hydrodynamical models from Pinilla et al. (2015a), one of which
is shown in the bottom panel of Fig. 2. This model shows the re-
sulting gas surface density from the interaction of two planets in
the disk with αturb= 10−3, with mass ratios of 10−4 and 10−3 for
the planets located at 1 rp and 3.5 rp, respectively. The location
of the outer planet in the model is marked with a circle in the
bottom panel, and is plotted in alignment with the PA location

of the kink in the faint spiral feature in the H-band data (marked
as a circle in the middle panel). Several features of the hydro-
dynamical model correspond well with the observations. Going
from small to large radii we see that the azimuthal location and
pitch angle of spiral 1 and 2 in the observation match well with
the model inner spiral 1 and 2 marked in the bottom panel. The
eccentric gap seen in the model seems at least in part consistent
with the observations between PA of ∼200◦ and 360◦. At smaller
position angles the observational data is too noisy to confirm the
shape of the gap. The observational feature in the outer scattered
light ring marked as Arc 1 in the figure may well correspond to
the vortex seen in the model. The azimuthal vortex location in
the model is not fixed relative to planet position as can be seen
in Pinilla et al. (2015a). The azimuthal position and pitch angle
of Arc 2 in the observation match exceptionally well with the
corresponding model outer spiral.

3.2. Band 3 dust continuum

The Band 3 continuum map of SR 21 is shown in the third
panel of Fig. 3. The image shows a narrow (∼0.18′′FWHM)
ring centered at 0.387′′(determined from a Gaussian fit to the
azimuthally-averaged radial profile between 0.33′′and 0.66′′).
This ring largely overlaps with the Ring 1 feature seen in scat-
tered light (Fig. 3), and is brightest in the north-west, at the loca-
tion of Arc 2. A fragmented or discontinuous second ring, pre-
viously unresolved in Band 9 and Band 7 observations (Fig. 3),
is seen inside it at a radius of ∼0.23′′. This inner ring partially
overlaps with the Spiral 1 feature seen in scattered light, as seen
in the left panel of Fig. 3.

4. Discussion

In the following sections we discuss the observed morphology of
the disk in the context of similar observations. We in particular
discuss the hypothesis that one or multiple planets are responsi-
ble for the observed disk features.

4.1. Comparison to similar objects

Spirals in disks are meanwhile known to be a common feature
in scattered light observations. Typically in cases where spirals
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are observed these are the dominating structures in the disk, see
e.g. the HD 135344 B system (Muto et al. 2012; Garufi et al.
2013; Stolker et al. 2016), the MWC 758 system (Grady et al.
2013; Benisty et al. 2015) or the LkHa 330 system (Akiyama
et al. 2016; Uyama et al. 2018). In all of these cases the scattered
light spirals are launched from an inner ring and are the outer-
most structures visible. Similarly all of these disks show large
opening angles for the spiral structures, varying between ∼10
and 16◦ for all three disks (Muto et al. 2012; Grady et al. 2013;
Benisty et al. 2015; Dong et al. 2015; Uyama et al. 2018).
The scattered light image of SR 21 is remarkably different.
While the spirals are still launched from an inner ring-like struc-
ture, they are tightly wound, varying between ∼14 and 2◦ for Spi-
ral 1 (pitch angle decreasing with increasing radius) and <11◦ for
Spiral 2 (reaching a minimum of close to 0◦ at a radius of ∼0.2′′).
They are furthermore located inside yet another ring-like struc-
ture seen at larger separations. This outer structure in scattered
light corresponds to a narrow ring in ALMA Band 3 observa-
tions, the inside of which is mostly devoid of emission and thus
largely depleted of mm-sized dust grains. Scattered light spi-
rals inside of ALMA emission are only known for a few disks:
HD 100453 (Rosotti et al. 2019), V 1247 Ori (Kraus et al. 2017),
HD 135344 B (Cazzoletti et al. 2018) and HD 169142 (Gratton
et al. 2019). However, both V 1247 Ori and HD 135344 B show
a very asymmetric, possibly vortex-like, structure which directly
connects with the inner scattered light spirals. In both cases, as
well as in HD 169142, there is also further-in mm-emission, so
not a cavity as in the case of SR 21. In the case of HD 100453 the
scattered light structures have corresponding mm-emission fea-
tures, located at slightly larger radii (Rosotti et al. 2019), while in
HD 169142 the scattered light spirals are extremely faint and su-
perposed on much brighter ring structures, making them not the
main morphological feature. However, in none of these cases,
with the exception of HD 169142, is there a scattered light coun-

terpart detected to the outer mm-emission. The detection of the
outer ring-like structure in SR 21 in scattered light also points to
an overall low surface height of the inner structures or a strong
flaring of the disk, since otherwise the complete outer ring would
be shadowed.
The correspondence of features in small dust particles and gas
surface density has been shown by several studies, e.g. Dong
et al. (2015) and Rosotti et al. (2016). This is due to the fact that
small (µm-sized) dust particles couple well to the gas, i.e. they
generally have a low Stokes number. Large (mm-sized) dust par-
ticles seen in emission by ALMA are typically featuring higher
Stokes numbers and are thus decoupled from the gas. The detec-
tion of both (inner and outer) structures in scattered light gives
thus the rare opportunity for a close comparison of the SR 21
system with hydrodynamic models of the gas in the disk.

4.2. Indications of planetary companions

The various features seen in the SPHERE and ALMA images
can be explained by one or more planetary companions in the
disk. Huang et al. (2018) and Dullemond et al. (2018) show that
the rings frequently seen in continuum emission from (sub-)mm
grains are likely caused by dust trapping, perhaps due to embed-
ded planets carving gaps in disks, as opposed to being related
to snow lines. In the case of SR 21 the possibility of a low-mass
companion being responsible for carving out this cavity is fur-
ther supported by the small grains seen in scattered light. These
are expected to be well-coupled to the gas, tracing spiral arms
confined to the mm cavity, as is frequently seen in hydrodynam-
ical models.

Azimuthal asymmetries in the outer ring: It is hard to tell
from scattered light alone whether the asymmetry of the outer
ring is caused by azimuthally-localized over-densities in the gas
and dust or if they are the product of shadowing by the inner
spiral arms. This asymmetry looks different in all three ALMA
bands available: Band 9 shows an asymmetry in the south, while
Bands 7 and 3 show a ring-like structure with a bright asym-
metry at the north. Pinilla et al. (2015b) have already suggested
that the southern bright spot seen in Band 9 may be the result
of a hotter region in the southern side of the disk. This is sup-
ported by band 9 being optically-thick (peak optical depth of
τ ∼2.0, assuming a physical temperature of 20K). Therefore,
continuum emission in this band is not only sensitive to density
variations, but also to temperature variations, which can produce
structure in the emission. In Band 3, where the disk is optically
thin (peak optical depth of τ= 0.17 assuming a physical tem-
perature of 20K), the asymmetry is reversed, with the southern
bright spot disappearing and the northern one becoming promi-
nent. This asymmetry, at this low optical depth, suggests that the
northern bright spot seen in SPHERE and ALMA bands 7 and
3 probably corresponds to a dust over-density at this location
of the ring. Band 7, with an intermediate estimated peak optical
depth of τ= 0.5, shows both the over-density and the hot region
in the south. Such an overdensity could, for example, be pro-
duced in the apastron location of a slightly eccentric disk, where
the lower velocity at apastron leads to higher gas densities that
can also slow down drifting grains and replicate the overdensity
in large grains (Ataiee et al. 2013).

The spiral arms pointing to the likely position of the
planet: The ’kinked spiral’ feature we see to the north in the sat-
urated cut of the H-band data (Fig. 1) is strongly-reminiscent of
the spirals arising in hydrodynamical models of planet-disk in-
teraction (see e.g. Nelson et al. 2000, Sándor et al. 2007 or Pinilla
et al. 2015b). The position of the kink in the spiral, indicating the
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exact location of the planet in these hydrodynamical models, is
found inside of the ALMA ring and in the gap between this ring
and the two brighter inner spirals seen with SPHERE (1, right
panel). This is consistent with a planet at this location being re-
sponsible for carving this gap and thus trapping the larger dust
grains in the pressure bump formed outside its orbit. If this is
the case, this makes SR21 a prime candidate for the search of
a forming planet still interacting with its parent disk, with the
location of this planet known a priori and very accurately from
the location of the kink in this spiral feature (44 au, PA 11◦, see
also Figure 2).

Interaction between spiral and ring: The kinked spiral fea-
ture also appears to lead to the northern bright spot (Arc 2) along
the SPHERE outer ring (Ring 1), which, as seen in the polar
projection (Fig. 2), is not entirely circular. The figure shows
the non-zero pitch angle of Arc 2, which is very similar to the
pitch angle seen in gas density in hydrodynamical simulations
of planet-disk interactions where the spiral wave from the planet
meets the outer disk. This is seen, for example, in Pinilla et al.
(2015b)), in models that were motivated by the Band 9 ALMA
data on SR 21, and which show the results of the gaseous com-
ponent of the disk interacting with two planets embedded in the
disk. The superposition of the spirals in the gas density between
the two planets show a behavior very similar to the bright spi-
rals seen in SR21, with the pitch angle appearing to decrease
before increasing again outwards with increasing radius. This
complex behavior of the spiral structure might be an indication
of a second planet or a binary companion being present in the
disk, perhaps in the 7 au cavity inferred by Pontoppidan et al.
(2008) and possibly associated with the signal detected by Eis-
ner et al. (2009).

However, we want to point out that there are also similar
models available created with just a single planet (see e.g. Nel-
son et al. 2000). From our current data we can thus not conclude
on the presence of additional companions inside the scattered
light gap.

4.3. Mass constraints

The location of Ring 1 in scattered light vs mm appears to be the
same, within uncertainties (the difference in the location of the

ALMA and SPHERE rings is ∼13 mas, i.e. a factor 3-4 smaller
than the resolution of our H-band data). If trapped in a pressure
bump, the location of the large grains is expected to be exterior
to that of the small grains observed in scattered light. This radial
offset between the rings is larger for larger planetary masses, but
can be close to zero for smaller companions, as shown by de
Juan Ovelar et al. (2013). If caused by a planet, its mass must
be small and close to 1 MJup. Such a small mass planet can still
produce the inner spiral arms seen in scattered light, as shown
by Dong et al. (2015).
A small planet mass is also consistent with archival observa-
tional data obtained with the Keck telescope and the NIRC2
instrument in the L-band. We discuss this data set in detail in
appendix A. The Keck observation rules out companions more
massive than ∼13 MJup at the location of the scattered light gap
in SR21.

5. Conclusions

EM* SR 21 is a disk exhibiting a number of features consistent
with hydrodynamical models of planet formation, including:

– a large cavity in (sub-)mm sized grains, with evidence of
dust-trapping at a radius of ∼54 au

– two bright spiral arm structures in scattered light located in-
side of this cavity

– a scattered light counterpart to the mm ring at ∼55 au
– a faint kinked spiral structure in scattered light, in the gap

between the bright inner spirals and the outer ring
– evidence of an over-density in gas and dust in the north side

of the disk, where the kinked spiral connects to the outer ring.

Furthermore, the radial location of the gap, outer ring and,
in particular, the kink in the faint spiral, allow us to constrain
the location of the suspected planet to a radius of ∼44 au and
PA of ∼11◦. If such a planet is inducing a small eccentricity
in the outer disk, it could be causing an over-density of gas in
the North side of the ∼54 au ring, as predicted by Pinilla et al.
(2015a). This over-density could explain the northern bright re-
gion of the ring seen in scattered light, as well as the over-density
in the larger grains in this region inferred from Bands 7 and 3
continuum emission. Given the radial location of the ring in H-
band and Band 3, at ∼1.2 planetary radii in both datasets, we can
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rule out a planet of the order of >5 MJup, with a lower mass of
∼1 MJup being favored.

Finally, the irregular behavior of the pitch angles of the two
brighter inner spirals could be hinting at a second companion
hidden in the inner disk regions not probed by our datasets, and
possibly in the 7 au cavity inferred by Pontoppidan et al. (2008).
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Appendix A: Keck L-band detection limits

SR 21 was observed (PI: N. van der Marel) with the NIRC2 cam-
era that is mounted at the Naysmith platform of the Keck II tele-
scope at the W.M. Keck Observatory. The observations were car-
ried out on the night of April 23, 2016, in L’ band and no coro-
nagraph was applied. A sequence of 48 unsaturated images with
exposure times of 0.2 s and 100 co-added frames was acquired
before the science observations consisting of 120 frames with
exposure times of 0.3s and 60 co-adds allowing for a field ro-
tation of 18◦.19. The data were reduced with PynPoint (v. 0.8.1;
Amara & Quanz 2012; Stolker et al. 2019) following the de-
scription for NACO data presented in Bohn et al. (2020). This
included dark, flat calibration, bad pixel and background sub-
traction based on principal component analysis (PCA; Hunziker
et al. 2018). The PSFs were centered by a Gaussian fit and we ap-
plied ADI+PCA for speckle removal. The contrast as a function
of separation was evaluated with the ContrastCurveModule of
PynPoint. We scaled the average unsaturated PSF image for the
difference in exposure time and injected it in the centered sci-
ence frames. The contrast was estimated at six azimuthal direc-
tions at angular separations increasing from 150mas to 960mas
in steps of 10 mas. We optimized the number of subtracted prin-
cipal components as a function of separation. The final curve as
presented in Figure A.1 was obtained by fitting five components
for separations smaller than 250mas and ten components for
larger separations. We further converted the magnitude contrast
to a threshold of detectable masses, by comparison to AMES
Cond models evaluated at the system age of 10 Myr. For this
conversion we assumed a stellar L’ magnitude of 6.8 mag based
on WISE measurements.
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Fig. A.1. Detection limits derived from Keck/NIRC2 L-band observa-
tions of SR 21.
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