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ABSTRACT

Context. Protoplanetary disks contain structures such as gaps, rings, and spirals, which are thought to be produced by the interaction
between the disk and embedded protoplanets. However, only a few planet candidates are found orbiting within protoplanetary disks,
and most of them are being challenged as having been confused with disk features.

Aims. The VLT/MUSE discovery of PDS 70 ¢ demonstrated a powerful way of searching for still-forming protoplanets by targeting
accretion signatures with medium-resolution integral field spectroscopy. We aim to discover more proto-planetary candidates with
MUSE, with a secondary aim of improving the high-resolution spectral differential imaging (HRSDI) technique by analyzing the
instrumental residuals of MUSE.

Methods. We analyzed MUSE observations of five young stars with various apparent brightnesses and spectral types. We applied the
HRSDI technique to perform high-contrast imaging. The detection limits were estimated using fake planet injections.

Results. With a 30 min integration time, MUSE can reach 5o detection limits in apparent Ha line flux down to 107'% and
10715 erg s7! cm™ at 0.075” and 0.25”, respectively. In addition to PDS 70 b and c, we did not detect any clear accretion signa-
tures in PDS 70, J1850-3147, and V1094 Sco down to 0.1”. MUSE avoids the small sample statistics problem by measuring the noise
characteristics in the spatial direction at multiple wavelengths. We detected two asymmetric atomic jets in HD 163296 with a very high
spatial resolution (down to 8 au) and medium spectral resolution (R ~ 2500).

Conclusions. The HRSDI technique when applied to MUSE data allows us to reach the photon noise limit at small separations
(i.e., <0.5”). With the combination of high-contrast imaging and medium spectral resolution, MUSE can achieve fainter detection
limits in apparent line flux than SPHERE/ZIMPOL by a factor of ~5. MUSE has some instrumental issues that limit the contrast that
appear in cases with strong point sources, which can be either a spatial point source due to high Strehl observations or a spectral point
source due to a high line-to-continuum ratio. We modified the HRSDI technique to better handle the instrumental artifacts and improve
the detection limits. To avoid the instrumental effects altogether, we suggest faint young stars with relatively low Ha line-to-continuum

ratio to be the most suitable targets for MUSE to search for potential protoplanets.

Key words. techniques: high angular resolution — techniques: imaging spectroscopy — techniques: image processing —
planet-disk interactions — planets and satellites: detection — ISM: jets and outflows

1. Introduction

In the past decade many have searched for newly forming plan-
ets (protoplanets) in protoplanetary disks, which are thought to
be the birthplace of protoplanets. Recent observations at infrared
(IR) and millimeter wavelengths have found protoplanetary disks
containing structures such as gaps (ALMA Partnership 2015;
Thalmann et al. 2015; Andrews et al. 2016, 2018), rings (Andrews
et al. 2016, 2018; van Terwisga et al. 2018; Muro-Arena et al.
2020), and spirals (Muto et al. 2012; Garufi et al. 2013; Benisty
et al. 2015; Reggiani et al. 2018). The interaction between the
disk and embedded planets is one of the possible explanations
for such disk features (Kley & Nelson 2012; Pinilla et al. 2012;
de Juan Ovelar et al. 2013; Zhu et al. 2014; Dong et al. 2015a,b).
Furthermore, disk morphology can be used to constrain the prop-
erties of embedded planets, such as masses and locations (Fung
& Dong 2015; Dong & Fung 2017). Alternative theories were
also proposed to explain the existence of disk features, such
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as magneto-hydrodynamic instabilities (Flock et al. 2015), and
snow lines (Zhang et al. 2015). Despite all the theoretical work,
the origin of the gaps and rings still remains unclear (van der
Marel et al. 2019). Observing protoplanets and their environ-
ments is important to understand planet-disk interaction and
planet formation.

High-contrast high spatial resolution observations have thus
far found a small number of point-like sources embedded in
protoplanetary disks, such as LkCa 15 b, c, and d (Kraus &
Ireland 2012; Sallum et al. 2015); HD 100546 b and c (Brittain
et al. 2013, 2014; Quanz et al. 2013, 2015; Currie et al. 2015);
HD 169142 b (Quanz et al. 2013; Biller et al. 2014); MWC 758
(Reggiani et al. 2018); and PDS 70 b and ¢ (Keppler et al. 2018;
Miiller et al. 2018; Wagner et al. 2018; Haffert et al. 2019). How-
ever, these candidate protoplanets are either being challenged or
are lacking further observational confirmation (Thalmann et al.
2016; Follette et al. 2017; Rameau et al. 2017; Ligi et al. 2018;
Sissa et al. 2018; Huélamo et al. 2018; Currie et al. 2019; Wagner
et al. 2019), except PDS 70 b and ¢ (Keppler et al. 2018; Haffert
et al. 2019; Mesa et al. 2019a). Until the observation of PDS 70 b
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and c, there had been no unambiguous evidence for a protoplanet
embedded in a protoplanetary disk'.

The accretion signature used to discover PDS 70 c orig-
inates from shock-heated hydrogen gas with a temperature
of ~10000 K falling in from the circumplanetary disk onto
the planet (Zhu 2015). Accretion shocks can excite or ionize
the hydrogen atoms, which will later recombine and radiate
Ha emission (Calvet & Gullbring 1998; Marleau et al. 2017).
Being one of the most prominent lines produced by accretion
processes, the Ha emission line has been detected in low-mass
stars (Reipurth et al. 1996; Gullbring et al. 1998; Rigliaco et al.
2012), brown dwarfs (Santamaria-Miranda et al. 2018), and the
planet PDS 70 b (Wagner et al. 2018). Other hydrogen accretion
lines, such as HB and Paschen g have also been observed
on substellar companions (Natta et al. 2004; Rigliaco et al.
2012; Santamaria-Miranda et al. 2018). Planetary accretion is
a very energetic process where a significant amount of flux
can be emitted in a very small spectral window. The accretion
luminosity can even be comparable to the total internal lumi-
nosity (Mordasini et al. 2017), which enhances the contrast
ratio of planet to star in He emission and makes it easier to
detect. Such enhancement in contrast is one of the drivers for
the search of accretion signatures. Observations of accretion
signatures in Ha has been conducted in the past few years with
MagAO (Close et al. 2014; Wagner et al. 2018) and SPHERE
(Cugno et al. 2019; Zurlo et al. 2020), yielding the detection of
Ha emission from substellar companions.

Commonly used observational techniques such as angular
differential imaging (ADI; Marois et al. 2006) and polarimet-
ric differential imaging (PDI; Kuhn et al. 2001) can generate
point-like structures from asymmetrical features in the surround-
ing circumstellar disk (Follette et al. 2017; Ligi et al. 2018). In
the worst scenario, it may lead to false identification of plan-
ets. Moreover, even if a point-like structure is not generated by
aggressive post-processing algorithms, the detection of such hot
spots in a disk can still be linked to local overdensities of dust.
These post-processing artifacts can be sidestepped by observing
at higher spectral resolution, which has an added benefit of better
matching the spectral resolution of the features we try to observe.
The commonly used narrowband filters of ZIMPOL and MagAO
are substantially larger than the He line (Aoyama & Ikoma 2019),
which leads to excess noise from the stellar continuum.

The sensitivity of a high-contrast imager can be improved
when it is combined with high-dispersion spectroscopic tech-
niques (Sparks & Ford 2002; Riaud & Schneider 2007; Snellen
et al. 2015; Wang et al. 2017; Hoeijmakers et al. 2018). The rea-
son for the enhanced contrast is that emission from a planet
has different spectral features than that of the bright host star
at high spectral resolution. With the medium spectral resolution
(R~2500 at 656 nm), the Multi-Unit Spectroscopic Explorer
(MUSE; Bacon et al. 2010) has the capability of distinguish-
ing the planetary emission line from the stellar emission line
(Haffert et al. 2019), avoiding the potential false positive caused
by scattering light from the circumstellar disk. Therefore, the
MUSE detection of the Ha emission line can provide unambigu-
ous, direct evidence of the presence of accreting protoplanets
embedded in their disks.

The discovery of PDS 70 ¢ demonstrated a powerful way
of searching still-forming protoplanets by targeting accretion
signatures with medium-resolution integral field spectroscopy

I The famous S Pictoris b is orbiting in a debris disk, which is a
later stage of disk evolution after the depletion of gas material in the
protoplanetary disk.
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(Haffert et al. 2019). Previous IR observations did not find the
presence of PDS 70 c. The major difficulty of identifying PDS
70 c is that its location is very close to the bright ring struc-
ture. Therefore, previous IR observations would misidentify the
object as a disk structure due to its elongated appearance.

In this paper we use MUSE as a high-contrast imager with
high spatial (60—80 mas at 656 nm) and medium spectral res-
olution (R ~ 2500 at 656 nm) working at optical wavelengths
to search for protoplanets. MUSE is a powerful instrument that
is sensitive to faint emission lines such as those originating
from protoplanets embedded in protoplanetary disks or high-
velocity stellar jets. The combination of spectral resolution and
high-contrast imaging can improve the contrast compared to
traditional imaging with narrow- or broadband filters (i.e., ZIM-
POL), which observe at low spectral resolution. The data and
data reduction methods are described in Sects. 2 and 3. In Sect. 4
we discuss the instrumental issues in MUSE and provided a
modified high-resolution spectral differential imaging (HRSDI)
technique with a successful application on V1094 Sco. In Sect. 5
we present the performance of MUSE for imaging point sources
at high contrast. The example of MUSE mapping extended stel-
lar jets is presented in Sect. 5.6. We end with a discussion and
conclusions in Sects. 6 and 7.

2. Data

MUSE is medium-resolution integral field spectrograph (IFS)
installed on the Very Large Telescope (VLT). MUSE is
renowned for being a powerful IFS for studying galaxy forma-
tion and evolution (Bacon et al. 2015, 2017; Wisotzki et al. 2016,
2018), supermassive black holes (Cresci et al. 2015; Poggianti
et al. 2017), and stellar populations (Husser et al. 2016; Kamann
et al. 2018).

In 2019, MUSE offered a new narrow-field mode (NFM) cov-
ering a field of view (FoV) of 7.5” x 7.5 with a spatial sampling
of 0.025”/pixel. Working with the GALACSI Adaptive Optics
system (Oberti et al. 2016; Madec et al. 2018), the spatial res-
olution can reach 55-80 mas and the Strehl ratio is 5-20%,
depending on the actual observing condition. The spectrograph
consists of 24 identical integral field units (IFU) modules, which
cover a wavelength range from 480 to 930 nm with the spectral
resolving power of 1740 at 480 nm and 3450 at 930 nm. Since
MUSE is not designed to be a high-contrast imager, it does not
have a coronagraph to suppress starlight.

To analyze the capability of MUSE on high-contrast imag-
ing, we selected five young stars with various brightnesses and
spectral types, summarized in Table 1. For more details about
the targets we refer to the following papers: PDS 70: Mesa
et al. (2019b); J1850-3147: Biller et al. (2013); V1094 Sco: van
Terwisga et al. (2018); HD 100546: Pineda et al. (2019); and
HD 163296: Ellerbroek et al. (2014) and Isella et al. (2019). The
details of the MUSE observations can be found in Table 2. Due to
the range of target star brightnesses, different exposure settings
were chosen to optimize the observation of bright (mr =7 mag)
and faint (mg = 12 mag) targets.

3. Data reduction methods
3.1. MUSE data reduction

The data were calibrated and reduced using the ESO MUSE
pipeline?, version 2.6. The details of the MUSE pipeline can

2 http://www.eso.org/sci/software/pipelines
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Table 1. Targets properties.

Name RA Dec Distance mg SpT  Mass Age Ref.
(J2000) (J2000) §9) (mag) Mo)  (Myr)

PDS 70 1408 1026 —412353.0 113405 11.65 K7IVe 0.76 54+1.0 1@
J1850-3147 185044.52 -314750.2 495+0.1 10.61 K8Ve 0.87 - 3)@)
V1094 Sco 1608 36.16 —392304.2 153+1 12.42 K6 0.79 2-7 (5) (6)
HD 100546 11332494 -701142.2 110.0+0.6 8.78 B9Vne 24 5-10 @ ®
HD 163296 17562142 2157225 101.5+1.2 686 AlVep 23 5-7 (9) (10) (11)

Notes. Distances are from Gaia Collaboration (2018). The R-band magnitude of HD 163296 was adopted from Tannirkulam et al. (2008). Unless
otherwise noted, R-band magnitudes are taken from UCAC4 catalog (Zacharias et al. 2012). The full name of J1850-3147 is 2MASS J18504448-

3147472, which is also known as CD-31 16041.

References. The references for spectral type, stellar mass, and stellar age are from (1) Miiller et al. (2018); (2) Pecaut & Mamajek (2016);
(3) Lépine & Simon (2009); (4) Messina et al. (2017); (5) Alcald et al. (2017); (6) van der Marel et al. (2019); (7) Guimardes et al. (2006);
(8) van den Ancker et al. (1997); (9) Mora et al. (2001); (10) Montesinos et al. (2009); (11) Vioque et al. (2018).

Table 2. Log of MUSE NFM observations.

Name Prog. ID Observing date  tpyr X nprt @ On-source time Derotation Frames per rot.
(s) (degree)

PDS 70 60.A-9100(K) 2018-06-20 300 x 6 1800 90 2
J1850-3147 60.A-9482(A) 2018-09-06 30 X 6 180 90 3
2018-09-08 ® 30 X 6 180 90 3
V1094 Sco  0103.C-0399(A) 2019-04-14 300 x 8 2400 90 2
HD 100546  0103.C-0399(A) 2019-04-28 1 x4 4 0 4
2019-04-28 4 x 40 160 45 8
HD 163296 0103.C-0399(A) 2019-04-29 2 x4 8 0 4
2019-04-29 8 x 40 320 45 8
2019-04-29 250 x 2 500 0 2

Notes. @tpyr is exposure time per image frame and npr is the number of image frames. ®We found some He residuals at 60 mas from the star
center in the data observed on Sept. 8 after we analyzed the data obtained on two nights separately. The dataset is a 3 min snapshot and has a few
bad spaxels in the region of the He residuals. Therefore, we excluded the data observed on the night of Sept. 8 to minimize the influence of possible

instrumental artifacts.

be found in the MUSE pipeline user manual® and Weilbacher
et al. (2020). The MUSE pipeline can be divided into two
parts, the pre-processing calibration (muse_scibasic*) and
the post-processing calibration (muse_scipost). Each part is
responsible for correcting different instrumental effects and per-
forming flux calibrations. During the pre-processing calibration
dark field and illumination correction are optional and can be
ignored, but we found significant improvement especially for
bright targets (mr <9 mag) after performing illumination correc-
tion. Therefore, we strongly recommend using the illumination
correction for high-contrast imaging applications as in this work.
After two stages of calibrations, all the exposures that were
processed separately were combined (muse_exp_combine) and
ready for science use. The final data product is a 3D cube with
two spatial dimensions and one spectral dimension.

To remove the starlight halo we used the HRSDI technique,
first described in Haffert et al. (2019). Based on spectral infor-
mation from every spatial pixel, HRSDI removes the stellar
component in two steps: the corrections for low-order spectral
effects and high-order effects. A low-order effect with a spectral
resolution on the order of R ~ 50—100 is induced by diffraction

3 ftp://ftp.eso.org/pub/dfs/pipelines/instruments/
muse/muse-pipeline-manual-2.6.2.pdf

4 In Sect. 3 the text in typewriter font refers to the command line in
EsoRex.

(Antichi et al. 2009), causing a spatial pixel (spaxel) to capture
different parts of the point spread function (PSF) as a func-
tion of wavelength. Such low-order effects can be corrected by
doing continuum-normalization (Haffert et al. 2019). After the
correction we can create the normalized reference spectrum by
averaging over all spaxels and subsequently subtracting it from
all normalized spaxels in order to remove the stellar compo-
nent. To further remove the residuals caused by uncalibrated
instrumental effects (called high-order effects), we used princi-
pal component analysis (PCA; Soummer et al. 2012; Amara &
Quanz 2012). Each PCA component corrects for different instru-
mental artifacts. For example, a small offset in the wavelength
solution will lead to residuals with the shape of P Cygni profiles
after the subtraction of the reference spectrum, which could be
corrected by the first few PCA components. The residual effects
of the telluric lines could also be corrected by the first few PCA
components. The number of components to subtract is deter-
mined by maximizing the signal-to-noise ratio (S/N) of injected
fake planets. In Sect. 4, we provide a modified HRSDI technique
to minimize instrumental issues in MUSE by adjusting how we
build the reference spectra.

3.2. Fake planet injection

To quantify the performance of any high-contrast imager, a stan-
dard approach is to inject fake planet signals and then recover
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Fig. 1. Illustration of our fake planet injection. A fake planet (red circle)
is injected in one of eight position angles (red lines) in a spacing of
1 spaxel. The blue circles represent the regions where the corresponding
noise is measured.

them to estimate the sensitivity. As illustrated in Fig. 1, we used
eight different position angles (PAs; separated by 45°) where the
artificial planet was injected with varying contrast levels. The
radial dependence was estimated by injected planets by increas-
ing the radial separation in steps of 1 spaxel. The artificial planet
was created based on a planet spectrum and the stellar PSF. The
planet spectrum was taken as a single Gaussian line at a specific
wavelength of our interest, with a full width at half maximum
(FWHM) of ~135 kms~'. Such a line profile is covered by three
spectral channels. For each spectral channel we estimated the
planet PSF by taking the corresponding observed stellar PSF and
normalized it by the total flux in the FoV. After shifting the PSF
and scaling the contrast, only one planet was injected for each
of the fake planet injection tests. It is possible to inject multi-
ple planets at the same time to speed up the calculations, but we
opted to inject a single planet at a time for simplicity.

The noise was estimated by performing aperture photometry
in the spectral channels of our interest after processing the data
with HRSDI. Figure 1 shows the regions where we injected a
fake planet (red circle) and the regions we used to estimate the
noise (blue circles). Inside each circle a square aperture of 3 by
3 spaxels (75 x 75 mas) was adopted to match the resolution of
the data, which is ~80 mas at Ha. The adopted size of apertures
depends on the actual FWHM of the dataset. Due to the low
Strehl ratio (<20%), the aperture with a size of the FWHM has
significant flux loss. This flux loss was corrected by dividing by
the encircled energy in the aperture, which was measured on the
star by taking the ratio of flux within the aperture and within
1”” radius. The flux correction due to the PSF subtraction was
automatically done for fake planets because the injected flux was
known when the recovered flux reached given S/N.

Different contrast values were chosen to derive the relation
between the contrast and the S/N. The contrast ratio is defined as
the ratio between the injected line flux of the planet compared to
the stellar flux (continuum + line) at the same wavelength. After
that, we derived a contrast curve at given S/N (507). The contrast
value was given in the unit of magnitudes. The uncertainty of the
contrast curve was estimated by calculating the standard devia-
tion of 5o contrasts obtained at four or eight PAs, depending on
the separation bin.
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Fig. 2. Illustration of the effect caused by line ghosts. The spectrum of
the lines ghost is similar to the original spectrum with a lift of additional
flux. The inset shows line ghosts in the zoomed-in image of HD 163296
at 6564 A and the regions (orange and magenta circles) where the cor-
responding spectra were extracted. The line ratio is defined as peak line
flux over the local continuum. The line flux was measured by fitting sim-
ple Gaussian profile with continuum removed. The line flux is in units
of erg s™! cm™

4. Instrumental issues for strong Ha emitter
4.1. Variation in Ha line-to-continuum ratio.

MUSE was not designed for high-contrast imaging. During our
analysis, we found that MUSE has an instrumental artifact that
causes the stellar Ha line-to-continuum ratio to vary across
the field. The residuals due to the instrumental effects can be
stronger than those from photon noise, prohibiting us from reach-
ing the photon noise detection limits at Ha (see Table 3 and
Sect. 5.1 for the details about noise decomposition). Moreover,
the objects with either high Strehl or with high Ha line-to-
continuum ratios (see Table 4 for V1094 Sco, HD 163296, and
HD 100546) have significant variations at Ha that exceed the
noise at nearby wavelengths.

The variations show imprints of the IFU configuration, indi-
cating an instrumental origin. For sources with strong stellar Ha
emission, this variation can be larger than the Ha emission from
a putative planet. As a result, the MUSE performance as a high-
contrast imager is limited around such strong Ha emission line.
Nevertheless, for other wavelengths without strong line emission
of the star, MUSE can reach the photon noise detection limit
(e.g., detecting stellar jets shown in Sect. 5.6).

The reasons for the non-uniform line-to-continuum ratios
across the field are still unknown. One possible explanation is
ghosts, identified as an instrumental artifact in Weilbacher et al.
(2015). Hereafter we refer to the ghosts identified in Weilbacher
et al. (2015) as line ghosts in order to distinguish them from
the blob ghost we found in HD 163296 (see also Fig. A.1 and
Appendix A for details).

In our data line-to-continuum ratios are much lower at the
location of line ghosts compared to nearby spaxels where line
ghosts are less prominent (see Fig. 2). The change in line-to-
continuum ratio is similar to extra background light adding on
to the original spectrum. Line ghosts are present in all of our
targets, visible in the stellar images in the form of overbright
strips at all wavelengths. From the perspective of high-contrast
imaging, although line ghosts are very prominent at the IFU in
which the PSF core is located, it should be noted that line ghosts
exist across the entire field at different levels.
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Table 3. Noise fitting results of the target sample.

Name CHa QHo Obg, Ha 5 a, Obg 2
PDS70 1.90+0.56 0.50+0.02 116 + 12 237+0.55 0.48+0.02 128 +7
J1850-3147 743 +2.05 0.47+0.02 872 +49 410+1.03 0.51+0.02 899+21
V1094 Sco  0.08+0.03 0.70+0.03 61 +2 1.28+0.22 0.48+0.02 61 +2
V1094 Sco®  0.56+0.17 0.60+0.3 96 +5 1.26+0.21 0.48 +0.02 61+2
HD 100546 0.07+0.06 0.70+0.05 2362+1747 7.06+1.70 0.50+0.02 4651 +116
HD 163296 0.14+0.06 0.63+0.03 462+558 1.96+0.49 0.54+0.02 1856+43

Notes. We adopt the same notations as in Egs. (2) and (3), where photon noise o ppoton i8 Written as (c, - F'{) and background noise is 0. Unless
otherwise noted, the data was processed with standard HRSDI described in Sect. 3.1. @ The data was processed in modified HRSDI (see Sect. 4

for details).

Table 4. Targets properties.

Name H, Fyo Ratio
(mag) (1078 ergs™!cm™)

PDS 70 16.71 75+04 1.60
J1850-3147 16.23 91+0.8 1.42
V1094 Sco  18.08 6.3+0.1 2.47
HD 100546  11.51 4312.5+35.3 5.63
HD 163296 12.13 1799.0 £43.0 3.28

Notes. Columns 2 and 3 give the apparent stellar He flux observed
by MUSE. We adopt the narrowband filter (N_Ha) used in ZIMPOL to
measure the stellar brightness at He, listed in Col. 2. We convert the flux
unit to AB magnitude system using, map = —2.51og,, (f,/(3631 Jy)).
The Fy, is line flux obtained from single Gaussian fitting. Column 4
lists the ratio of peak line flux to continuum flux. All the measurements
are observed results without the correction for possible dust extinction
from the disk.

Another explanation is the presence of spatio-spectral cross-
talk in the spectral extraction step. We see that the effect is
stronger when there is a strong point source, either spatially
because of high Strehl or spectrally in the case of the high Ha-
to-continuum ratio, in the data. When a strong point source is
present the wings of the line spread function (LSF) can overflow
into adjacent spectral and spatial bins. This can be calibrated if
the LSFs during the observations are known. The MUSE data
processing pipeline takes the LSF into account during the spec-
tral extraction by using LSF profiles measured during the day,
but due to non-common path errors the LSF can actually change
during the observations, which may lead to small errors in the
extracted spectra.

By analyzing the power in the Ha we found evidence in
favor of spatio-spectral cross-talk as opposed to the line ghost
explanation. For each spaxel we fitted the following profile,

¢=b(1+aexp|[(-p?/0?]). (1)

Here b is the local continuum, and a is the line peak to con-
tinuum ratio. The line position, y, and width, o, were fitted
at the same time. The results of the fit for each spaxel can be
seen in Fig. 3. There seems to be a strong correlation between
the variations in the peak-to-continuum ratio and the line width.
The correlation is expected if the LSF is broadening across the
field. The total integrated power of the fitted Gaussian line is
P=aVnro?. The total integrated power is shown in the third
panel of Fig. 3. From this we can see that the integrated power
is constant over the field, indicating that the LSF is varying

over the field instead of a ghost. The variation also seems
to be aligned with the slicer orientation, which indicates to
instrumental effects. If this is the origin of the instrumental
cross-talk it would be very difficult to correct as a full diffrac-
tive model of the whole instrument would need to be modeled
for every exposure. Future European Extremely Large Telescope
instruments that also include image slicers, such as HARMONI
and METIS, should take these effects into account for their
sensitivity estimates of their high-contrast imaging modes.

4.2. Modified HRSDI

The instrumental residuals of MUSE have variations on spatial
scales comparable to the FWHM across the FoV, thus solving
this issue is far beyond the scope of this paper. However, we
attempt to minimize the effect during the removal of stellar emis-
sion. Below we propose modified HRSDI aiming to build better
reference spectra to reduce the impact of the instrumental effects.
In addition, we also recommend an extra wavelength calibration
to further correct the wavelength offset without involving PCA.

4.2.1. Building reference spectra annularly

Modified HRSDI only adjusts the way of building the reference
spectrum, compared with standard HRSDI. Inaccurate reference
stellar spectra would lead to strong residuals after subtracting the
reference spectrum from observed data at every spaxel. Although
such residuals can be removed through the latter step with PCA,
this might also reduce emission from potential planets at the
same wavelength. In the worst case scenario the residuals have
similar spectral features to planets, and aggressive PCA could
remove the planet emission. Nevertheless, the aggressive PCA
can be avoided if the reference spectrum matches the observed
stellar spectrum for every spatial pixel as accurately as possible.

To build reference spectra that better match observed data,
we propose to build the reference spectrum annularly, instead
of only building one reference spectrum as in standard HRSDI.
The assumption is that the line-to-continuum ratios are relatively
uniform at the same separations. The size of the annuli was
determined by minimizing the residuals after the subtraction, but
are still large enough to reduce the influence of potential planet
spectra on reference spectra.

4.2.2. Extra wavelength calibration

The temperature difference between nighttime science observa-
tions and daily calibrations will cause offsets in the wavelength
solution. Without considering the temperature difference (i.e.,
exclusively used the arc frames from daily calibrations), the
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Fig. 3. One of most affected datacubes from the observations of PDS70. The broad band is aligned with the slicer orientation if transformed to x-y
instrument coordinates. Left figure: peak-to-continuum ratio. Middle figure: measured line width. There is a strong negative correlation between
the line width and the peak to continuum ratio. Right figure: total line integrated flux, which is constant over the field. This indicates that the LSF

is varying over the field.

Before PCA Before PCA

Standard
HRSDI

After PCA

Fig. 4. Comparison He images of V1094 Sco processed in standard HRSDI (fop panel) and modified HRSDI (bottom panel). First three columns:
same color scales. Column I: residual images after the low-order correction in HRSDI. Column 2: same image as Col. 1, but with two injected
fake planets at the radius of 0.1”and 0.35”(red circles). Column 3: residual images after the high-order correction (PCA). Column 4: corresponding
S/N maps. The orange dashed circle is of radius r=0.3", and the magenta cross indicates the star center. The FWHM of the V1094 Sco dataset is
~150 mas (6 spaxels across). Compared with standard HRSDI, modified HRSDI can effectively remove stellar emission after low-order correction

and recover most of planet emission down to 0.1”.

accuracy of the wavelength calibration is not greater than 0.4 A.
Two sky lines (5577.339 and 6300.304 A) obtained with night-
time science exposures are used to correct for such offsets caused
by the temperature difference in the instrument. However, the
accurate measurement of sky lines requires a sufficient integra-
tion time. For integration times longer than 100 s, the accuracy
of the wavelength calibration can be improved to about ~0.1 A3,

The offset of the wavelength calibration can be corrected by
the first few PCA components. However, as shown in Fig. 4, PCA
will also reduce planet emission in standard HRSDI if the data
has instrumental issues. Performing an additional wavelength
calibration is useful if we aim to reduce the known instrument
effect without performing PCA. By shifting the observed spec-
tra with respected to the reference spectrum, an offset map
of wavelength calibration can be calculated by performing the

5 https://www.eso.org/sci/facilities/paranal/
instruments/muse/doc.html
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chi-squared test at every spaxel. The stellar Ho emission line was
used to find the remaining offsets in the wavelength solution. In
the case of V1094 Sco, which has long integration time (300 s),
the average offset is around 0.1 A or less at the center high S/N
region. Instead, HD 163296 was observed with short integration
time (<10 s), and the offsets can be larger than 0.3 A.

4.3. Application: V1094 Sco

The MUSE data of V1094 Sco has non-uniform line-to-
continuum ratios across the field. Standard HRSDI leads to
strong residuals after low-order correction and aggressive PCA
that reduces ~70% to 100% emission from the injected planet
(see top panel in Fig. 4), depending on the injected wave-
lengths and locations. These residuals are not due to the offset
of wavelength calibration, but are caused by the variation in
the line-to-continuum ratio. Therefore, we adopted the mod-
ified HRSDI, which builds the normalized reference spectra
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Fig. 5. Noise in residual images as a function of angular separations.
Compared to standard HRSDI, modified HRSDI built multiple refer-
ence spectra annularly (see Sect. 4.2.1 for details) and applied extra
wavelength calibration (see Sect. 4.2.2 for details). Additional median
filters were applied on the residual images processed by modified
HRSDI. No PCA was used to avoid reducing planet emission caused
by aggressive PCA.

annularly to minimize the instrumental effects, and applied the
extra wavelength calibration described in Sect. 4.2.2.

In the application of V1094 Sco, modified HRSDI can min-
imize instrumental issues and recover injected planet emission
down to 0.1”. Figure 4 shows comparison images of V1094
Sco being processed in standard HRSDI (top panel) and mod-
ified HRSDI (bottom panel). After the low-order correction that
removes broadband continuum emission, standard HRSDI failed
to remove part of stellar emission within a radius of 0.3” due
to the variation in the line-to-continuum ratio. On the contrary,
modified HRSDI can effectively remove stellar emission. To bet-
ter characterize the performance of two methods, two identical
fake planets were injected at each location, indicated by the red
circles in Fig. 4. Both methods can recover the injected planet
at a radius of 0.35” if no PCA is used. The strong residual
left by standard HRSDI results in aggressive PCA, which will
significantly reduce planet emission. As for modified HRSDI,
PCA did not remove significant contributions since the reference
spectra and observed spectra better matched. Figure 5 shows
the improvement in modified HRSDI compared to the standard
HRSDI in terms of better removing the noise by a factor of 2-3
at separations less than 0.5”.

4.4. The case for high line ratios: HD 100546 and HD 163296

Figure 6 shows the residual images of HD 100546 and
HD 163296 at He processed by standard and modified HRSDI.
No PCA was used during the post-processing. HD 100546 and
HD 163296 have very high Ha line-to-continuum ratios and
strong continuum emission (see Table 4). Both targets show
strong variations of line-to-continuum ratio across the field,
resulting in the strong stellar residuals and strips with 45° angu-
lar separations associated with 45° derotation. To remove the
strip we applied the median filter with the width of 1 pixel and
length of 50 pixels along the strip direction on the residual image
after the process of modified HRSDI (see Col. 3 in Fig. 6).
The quantitative improvement of each process can be found in
Fig. 5. Applying the median filter can effectively remove the
strips and reduce the noise at separations larger than 0.5”, while

less effectively at the inner region (<0.3””) where the variations
become much larger.

Even with modified HRSDI there are still strong residuals
due to the instrumental issues at the inner region (<0.5”). Never-
theless, modified HRSDI already removed more stellar emission
than standard HRSDI, as in the case of V1094 Sco in Fig. 4.
Further investigation is needed to reduce the instrumental issues
either via data reduction or through instrumental perspective.

5. Point source sensitivity of MUSE
5.1. Noise components in MUSE

In general, the noise in the high-contrast image can be written as
the combination of several noise components:

.

2
O-photon +o

2 2)

Here the photon noise 0 phowon =(cy - F{) with coefficient c,,
exponent @, and stellar flux F. The background noise o, con-
sists of the noise components that remains constant per spectral
channel in the entire FoV. All three parameters, ¢, @, and o,,
are wavelength dependent.

To measure the noise and stellar flux at multiple wavelengths,
we first create filters around the Ha, from 6510 to 6825 A (see
Fig. 7). The bandwidth of each filter is 3 x 1.25 A, which corre-
sponds to the FWHM of the He line. In each filter, we measure
the noise and stellar flux by performing the aperture photom-
etry described in Sect. 3.2 without injecting any planets. The
filters were placed with the interval of 3.75 A. We exclude the fil-
ters very close to Ha and absorption features manually by visual
inspection to only measure continuum emission of the host star.

The relations between stellar flux and image noise (after
HRSDI) at multiple wavelengths are presented in Fig. 8. To
decompose the noise, we perform the fitting with only the pho-
ton noise and background noise, with free parameters of c,, «,
and o, as in Eq. (2).

In the case of J1850-3147 we found the exponent « to be
0.47+£0.02 and 0.51 +£0.02 for He only and for other wave-
lengths except He, respectively. Both are very close to the ideal
photon noise. The uncertainty of the fitting result is estimated
from 1000 times bootstrap resampling. Since the stellar flux fol-
lows the PSF profile as a function of radial separations, the
photon noise also follows the PSF profile. The result of fit-
ting two noise components suggests that MUSE is photon noise
(O photon) dominated at small separations (<0.6”") and background
noise dominated at large separations (>1.2""). The size of the
region where dominated by photon noise is determined by the
target brightness and background noise. In our target sample,
MUSE can be considered photon noise dominant up to the
separation that ranges from 0.5” to 1.5”.

We present the results of two-component fitting for all tar-
gets in Table 3. The noise in the residual images of J1850-3147
and PDS 70 is very close to the theoretical limit of ideal photon
noise after the process of standard HRSDI described in Sect. 3.1.
However, for the rest of the targets the photon noise limit can
only be achieved outside the spectral window of stellar Ho emis-
sion (see Table 3). It is caused by instrumental issues in MUSE,
which are described in Sect. 4.

5.2. Measuring the noise at small angular separations

At small angular separations only a few statistically independent
apertures can be made. This makes it difficult to get an accurate
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Fig. 6. Residual images of HD 100546 and HD 163296 at He processed by standard and modified HRSDI. No PCA was used during the post-
processing. Additional median filters were applied on the residual images after the process of modified HRSDI to remove the strips due to the

instrumental issues, which are shown in the third column.
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Fig. 7. Stellar spectrum of J1850-3147 centered around Ha. Colored
stripes indicate the filters adopted to measure the noise and stellar flux at
corresponding wavelengths. Each filter contains three spectral channels
of 3.75 A.

estimate of the noise. We can solve the problem of small sample
statistics by increasing the size of our sample. In other words,
the problem will be solved if we can make enough noise mea-
surements. However, this is impossible for high-contrast imaging
done with classical (narrow- or broadband) imagers. On the other
hand, medium-resolution IFS provides alternative solutions by
(i) measuring the noise in the spectral direction or (ii) measur-
ing the noise in the spatial direction at multiple wavelengths. It
should be noted that methods (i) and (ii) reach the same answer
if the PSF is circular symmetric because MUSE can reach the
photon noise limit at small separations.

At small separations, the noise in Eq (2) can be simplified
as photon noise dominant oy =(c, - F{). Hence, we can com-
pute the noise at Ha based on the noise we measured at multiple
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Fig. 8. Noise curves of J1850-3147 measured from the residual image at
multiple wavelengths as a function of stellar flux obtained before per-
forming HRSDI. Fittings of two noise components are shown as cyan
(fitting only with He data) and yellow lines (fitting without Ha data).
The noise curves are close to the theoretical limit of photon noise at
small separations (<0.6”; yellow shaded region). The fitting results are
presented in Table 3.

wavelengths at the same separation as

CHa'FIl.IIiX
OHo =0 )| ————— |, 3
He /I(C/I'Fj1 ( )

where the coefficient ¢ and exponent « at corresponding wave-
length are obtained from the result of two noise components
fitting. It is worth noting that Eq. (3) can be used to estimate
the noise at any wavelength, not just at Ha.
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Fig. 9. Contrast curves for J1850-3147. The colored shaded regions
around each curve represent the standard deviation of the contrasts
obtained at eight PAs.

There are approximately 6, 12, and 18 resolution elements
at 1 /D, 2 A/D, and 3 A/D, respectively. In practice, at least
20 independent measurements of the noise are recommended to
avoid the penalty induced by small sample statistics (Mawet et al.
2014). It is impossible to make 20 noise measurements at <3 A/D
on the Ho image. However, even with only one measurement at
one wavelength, we can easily find more than 20 wavelengths to
perform the noise measurement and derive the correspond noise
at Ha using Eq. (3).

At small separations (<3 A/D), using Eq. (3) can provide
direct measurement of the noise to avoid the small sample statis-
tics problem. At larger separations (>3 A/D), both Eq. (3) and the
classical approach of measuring the noise in the same image as
the detection can give accurate estimate of the noise, assuming
the photon noise dominant (see Fig. 9). However, the presence of
extended structures (such as stellar jets) may reduce the empty
regions where we can measure the noise. In this case, Eq. (3)
will become useful since the atomic jets are only present at a few
spectral channels. Throughout the paper Eq. (3) was used to esti-
mate the noise when building the contrast curve on images with
photon-noise dominant residuals.

5.3. Contrast curve

Figure 9 shows two Ha contrast curves for J1850-3147 at 50
confidence level. The black curve is created based on the noise
estimated from Eq. (3). As a comparison, the blue curve is
obtained with noise measured on He image only, which is
affected by small sample statistics at <0.1”. The colored shaded
region indicates the uncertainty of the contrast curve.

No planet is found in J1850-3147. The 3 min MUSE observa-
tion is sensitive to objects 7 mag fainter than the host star at the
same wavelength at a separation of 150 mas. Overall, Eq. (3) pro-
vides more robust noise estimations as it has consistent results
with direct measurement on Ha image, but with much smaller
scatter at small separations (<0.15”"). The separation of 0.15”
equals two resolution elements of MUSES. For the visual inspec-
tion of Eq. (3), we injected the fake planet at three different
locations (r=0.1", 0.3, and 0.5””) at 50 confidence level. All
three injected planets in Fig. 10 are clearly visible, as suggested
by the contrast curve.

6 The resolution element of MUSE is defined by FWHM, not A/D,
because currently the AO system installed on VLT cannot reach the
diffraction limit at optical wavelengths.
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Fig. 10. S/N map of J1850-3147 at Ha after the process of HRSDI is
shown. For visual inspection of the contrast curve derived from Eq. (3),
three 50 fake planets were injected at distances of 0.1”, 0.3”, and 0.5”.
All three fake planets are clearly visible. For display purposes, the image
was smoothed with a Gaussian kernel of 2 pixels in radius. The magenta
star indicates the star center.
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Fig. 11. Detection limits in apparent Ha line flux at 5o confidence
levels. The colored shaded regions around each curve represent the stan-
dard deviation of the contrasts obtained at eight PAs. PDS 70 b and c
from Haffert et al. (2019) are shown as red stars. The three horizon-
tal lines show predicted He emission estimated from Gullbring et al.
(1998) and Rigliaco et al. (2012). The detailed estimation can be found
in Sect. 6.2

5.4. Detection limits in Ha line flux

To better illustrate the performance of MUSE, we present the
detection limit in apparent flux at 5o confidence level (see
Fig. 11). The colored shaded region indicates the uncertainty
of the detection limit. Due to the instrumental issues in MUSE
(described in Sect. 4), we could only apply HRSDI in three out of
five targets to perform high-contrast imaging. The Ha detection
maps’ for these targets are shown in Fig. 12.

In general, a 30 min MUSE observation can detect apparent
Ha line flux down to 10~'* and 10715 erg s=! cm™2 at 0.075” and
0.25”, respectively. Since MUSE can be photon noise dominated
(<1”), we expect the detection limit to go down with the square
root of integration time, which is supported by datasets with dif-
ferent integration times (see Fig. 11). Below we introduce the
detection limit of each target.

7 The detection map is essentially the S/N map with the scale linearly
shifted to an arbitrary unit from O to 1.
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Fig. 12. He detection maps after the removal of starlight. PDS 70 b and c are indicated by the yellow arrows. The magenta star gives the position

of the star.

J1850-3147. The detection limit of J1850-3147 is indi-
cated by the blue curve with yellow shaded regions. Even with
3 min integration time, MUSE can already reach the Ha line flux
of 3x 107 erg s™! ecm™ at 150 mas and 3 x 10~'* erg s™! cm™2
at 50 mas with 50 confidence level. In the case of J1850-3147, we
can detect PDS 70 b (if present) at around 5o confidence level
with 3 min observations (see Fig. 11).

PDS 70. The detection limit of PDS 70 data used in
Haffert et al. (2019) is represented by the black curve in Fig. 11.
The integration time of this data is 30 min. The regions where
two planets were located were excluded during the analysis of
fake planet injection. Except for PDS 70 b and c, we do not find
other planets with 50~ upper limit of He line flux of 2.5 x 10~
erg s™' cm™2 at 150 mas and 2 x 10™'* erg s™! cm™2 at 50 mas.
Overall, the detection limit of PDS 70 is two to three times
deeper than that of J1850-3147, which is consistent with the

expected S/N gain of /(30 min)/(3 min).

V1094 Sco. V1094 Sco was significantly affected by
instrumental issues in MUSE (see Sect. 4). However, the V1094
Sco data can be processed with modified HRSDI by building the
normalized reference spectra annularly (see Sect. 4.2).

The detection limit in apparent Her line flux for V1094 Sco
is shown in Fig. 11. At the location of the gap 1 (~0.5") iden-
tified by van Terwisga et al. (2018), we do not find any planets.
The MUSE observation yields a 50 upper limit in He line flux
of about 1.3 x 107'3 erg s™! cm™2. Due to the poor seeing condi-
tions during the observations, the FWHM of V1094 Sco is about
150 mas, which is roughly two times larger than that of J1850-
3147 and PDS 70. Therefore, the detection limit curve is flattened
compared with the other two targets. Although we expect the
detection limit to go down with the square root of integration
time, the instrumental issues and the poor atmospheric condi-
tions performance will also limit the performance of MUSE. As
a result, the detection limits for V1094 Sco and J1850-3147 are
similar.

5.5. Comparison with SPHERE/ZIMPOL

In Fig. 13, we present the comparison between MUSE and
SPHERE/ZIMPOL in terms of the detection limit in appar-
ent Ha line flux. The ZIMPOL results are taken from Cugno
et al. (2019). In general, the MUSE detection limit in apparent
Ha line flux is a factor of 5 times deeper than the detection limit
of ZIMPOL due to the gain in resolving power. More impor-
tantly, these detection limits were achieved with 3 to 40 min
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Fig. 13. Detection limits (50) in apparent flux obtained with MUSE
(dashed lines with colored shaded regions), together with the detection
limits of ZIMPOL (solid lines with triangle markers; Cugno et al. 2019).
The total integration time is listed after the target name. PDS 70 b and
¢ from Haffert et al. (2019) is also shown.

of MUSE observations. Meanwhile, the total integration times
used in Cugno et al. (2019) were ranging from 40 min to 3 h, as
labeled in Fig. 13. In other words, MUSE can reach higher S/N
than ZIMPOL in a shorter integration time. Moreover, without
the laser-guided AO system, it is very difficult for ZIMPOL to
observe faint targets such as PDS 70 and V1094 Sco. We discuss
the potential reasons that cause this improvement in Sect. 6.1.

5.6. Mapping stellar jets with MUSE

Figure 14 presents a composite image of HD 163296 showing
two jets from this work and the disk detected by ALMA at
1.2 mm (Andrews et al. 2018; Isella et al. 2018). The northeast
(NE) jet is redshifted and contains one elongated knot, traced by
the [S II] 4673 nm line. The southwest (SW) jet is blueshifted
and has a continuous stream with a length of ~450 au, traced
by the Ha line. Different atomic lines were detected in each
jet and show consistent morphology. The asymmetry of the two
jets observed by MUSE is similar to the VLT/X-shooter obser-
vation at separations larger than 2”, which show knots and a
relatively continuous stream on the redshifted and blueshifted
jet, respectively (Ellerbroek et al. 2014).

The jets were detected in MUSE observations with exposure
setting of 8 and 250 s and with multiple position angles (see
Table 2). To make the composite image in Fig. 14, the inner
saturated region in the long exposure dataset was masked and
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Fig. 14. Composite image of HD 163296 shows two jets detected
by MUSE, superimposed to the disk detected by ALMA at 1.2 mm
(Andrews et al. 2018; Isella et al. 2018). The NE jet and SW jet are
traced by [SII] 673 nm and He lines, respectively, and are smoothed
with a Gaussian kernel of 2 pixels in radius. The arc-like structure near
the SW jet is the blob ghost caused by the instrument (see Appendix A).
The inset box of Ha image shows the inner most region. The magenta
cross marks the stellar position.

replaced with short exposure dataset that only has minor satura-
tion in the most central few spaxels. Without the coronagraph,
MUSE is able to probe the jets down to 1| FWHM of ~75 mas,
corresponding to 8 au at the target distance of 101.5 pc. Due to
the minor saturation in the short exposure (8 s) dataset, anything
within 100 mas should be treated cautiously.

The inset in Fig. 14 shows the jet image zoomed in at the
center. The resolution of MUSE is about 8 au at Ha. There are
three bright spots on top of the faint stream, indicating that there
is a potential dynamical eruption history. Detailed analysis of the
stellar jets in HD 163296 will be presented in future work.

6. Discussion
6.1. Reasons for the improvement

There are multiple reasons that account for the better perfor-
mance of MUSE compared to SPHERE/ZIMPOL. Even though
they are different instruments requiring different post-processing
techniques, we can still reach a quantitative reason and some
qualitative expansions.

The primary reason that we can quantify is that MUSE has a
spectral resolution of 1.25 A, while ZIMPOL used much wider
narrow- and broadband filters. For photon-noise dominant resid-
uals, the S/N scales with the square root of the spectral resolving
power and the telescope diameter. In this work we combine
three spectral channels (total 3.75 A) to match the line width
of injected fake planets. Cugno et al. (2019) used a broadband
Ha filter (B_Ha) with the width of 5.5 nm and a continuum filter
(Cnt_Ha) centered at 644.9 nm®. With equal mirror diameter,

8 The detail of central wavelengths and filter widths can be found in
Table 6 of Schmid et al. (2018)

the S/N of MUSE compared to ZIMPOL scales approximately

as +/(55A4)/(3.75A) ~ 4 for using the B_Ha filter, assuming
ZIMPOL is also photon noise dominant. In principle, using a
narrowband filter could improve the S/N of detecting He line
emission as it includes less noise from continuum emission.
However, the assumption of photon noise dominant is not always
true for ZIMPOL. At the separations >0.3", the data from the
narrowband filter (N_Ha) in ZIMPOL can be read-noise limited.
As suggested in Cugno et al. (2019), further studies are needed
to determine the relation between longer integration time and
detection limit of ZIMPOL.

The secondary reason is the lack of detailed spectral infor-
mation of the primary star. It can lead to oversubtraction when
removing continuum emission using the Cnt_Ha filter. For A/B
type stellar spectra, the spectral indices® are usually greater than
1 around Ha. As a result, the oversubtracted flux has to be com-
pensated by line emission. Three out of four targets in Cugno
et al. (2019) that have high limits of line flux are A/B type stars,
and the integration times for these targets are relatively long,
ranging from 1 to 3 h.

Another reason is how the contrast analysis was performed.
Cugno et al. (2019) created the fake planet with the stellar image
obtained by filters. Although using the stellar PSF as the planet
PSF is a common approach, using filters can only scale the flux
of the stellar PSF that contains both continuum and line emis-
sion. As for MUSE, we used a simple Gaussian line profile as
the injected planet spectrum, which only has emission at He,
as mentioned in Sect. 3.2. In this way we can only inject line
emission and determine the detection limit in line flux more
accurately.

SPHERE is designed to image bright stars (e.g., mg <10 mag;
Beuzit et al. 2019). Its Strehl ratio drops quickly from 60% at
mg <9 mag to 10% at mg = 12 mag. Without the laser-guided AO
system, it is very difficult for SPHERE to observe faint stars and
still achieve a high Strehl ratio. A low Strehl ratio could explain
the high detection limit of TW Hya, which is the faintest target
(mg = 10.43) with the worst seeing (~1.3"") conditions in Cugno
et al. (2019).

6.2. Constraining the planet mass and the mass accretion
rate

Hea emission originates from accretion activity. The line flux and
the line width can be used to estimate the mass accretion rate.
Currently there are two methods commonly used to estimate the
mass accretion rate of young stars, which we use to estimate the
mass accretion for planets.

Line width. The mass accretion rate can be computed from
the line width as

log(Myee) = — 12.89(+0.3) +9.7(£0.7) x 10 Ha(10%), (4)

where Ha(lQ%) is the 10% width of the He line in km s~! and
the unit of M, is Mg yr~! (Natta et al. 2004).

Line luminosity. The mass accretion rate can also be con-
verted from the accretion luminosity, which has the empirical
relation (Herczeg & Hillenbrand 2008; Fang et al. 2009; Rigliaco
et al. 2012)

log(Lacc) =b+ alog(LHa)v (5)

9 The spectral index a is defined as F, o v°.
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where Ly, is the line luminosity. We adopted a and b as 1.25 and
2.27 (Fang et al. 2009), respectively. The mass accretion rate is

-1
R, LaccR*
) (6)

Macc - (1 Rm GM* ’
where R, and M, are the planet radius and its mass, and R;, is
the inner radius of accretion disk (Gullbring et al. 1998).

Both methods were explored by fitting the data of low-mass
stars or brown dwarfs (Natta et al. 2004; Fang et al. 2009), but not
planets. With the actual data we obtained with MUSE, we can
start to make constraints on those accretion models on planetary
scales (e.g., Thanathibodee et al. 2019). Throughout this paper
we follow Gullbring et al. (1998) to estimate the line luminosity
with given planet mass and M.

In Fig. 11 we present the predicted apparent Ha flux (hor-
izontal lines) with planet mass of 1 My,, and multiple mass
accretion rates M., assuming the host star at 140 pc (the dis-
tance to nearby star forming regions) without the disk extinction.
In general, MUSE can detect Jupiter-mass planets with a very
low mass-accretion rate (e.g., 2 X 10’8MJup yr’l) in a 30 min
integration time (see Fig. 11), which is impossible for any other
current instrument. With such sensitivity, non-detections can
also provide meaningful upper limits that are ~5 times deeper
than current results, which is important for the future study of
accretion variability and provides a constraint on the planet mass.

Based on MUSE measurements of He line intensities and
Ha line widths, we can decouple the planet mass and the
mass accretion rate estimated by Eqgs. (4) and (6), with minor
assumptions on the planet radius and the inner radius of cir-
cumplanetary disks (CPD). It is very powerful that a single
MUSE observation can provide estimations of the planet mass
and the mass accretion rate, although the uncertainty of the
mass accretion rate could be as large as one order of mag-
nitude due to the uncertainty of accretion models and limited
spectral resolution of MUSE (Thanathibodee et al. 2019). Never-
theless, recent radiation-hydrodynamic models made by Aoyama
& Tkoma (2019) demonstrated that combining Ha line widths
and line intensities could narrow down the ranges of the planet
mass and the accretion rate significantly. Furthermore, adding
information from other lines, such as HB, can put an even better
constraint on the accretion properties (Hashimoto et al. 2020).

6.3. Observation strategies for target selection and detecting
planetary HB line

Young stars (<10 Myr) with weak Ha line emission and faint R
band brightnesses are suitable targets for future MUSE survey
of protoplanets. This is due to two technical reasons. On the one
hand, MUSE has instrumental issues that are strongly affected by
the Ha line-to-continuum ratio, as mentioned in Sect. 4. Hence,
choosing weak Ha emitters can avoid being limited by system-
atic noise caused by instrumental issues. Nevertheless, targets
with a medium Ha line-to-continuum ratio can still be processed
with modified HRSDI. On the other hand, MUSE is designed to
take long exposures. Although the overhead between each expo-
sure is reduced to ~15 s, it is still not very efficient for observing
bright stars as they require a very short integration time (a few
seconds) to avoid saturation.

In addition to the Ha line, another strong accretion signature
is HB. Detecting the HB line can help to understand the accretion
mechanism as it predicts the presence of the HB emission line,
and it can also provide a direct measurement of the extinction of
CPD and circumstellar disk.
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In general, in order to detect the HB we suggest a total inte-
gration time that is at least a factor of 36 longer than that needed
for Ha. Usually, the line flux of HB is 3 times lower than that of
Hea. To compensate the slightly worse Strehl ratio at the shorter
wavelength (i.e., HB), a factor of 2 is needed to achieve the same
detection limit as in Ha. Therefore, to observe the HB line, we
need to go 6 times deeper than observing He line, correspond-
ing to 36 times longer integration time under the assumption of
photon noise dominant residuals.

7. Conclusions

In this paper we present the performance of MUSE as a high-
contrast imager in detecting point-like planets and extended
stellar jets by analyzing MUSE observations of five stars with
various brightnesses and spectral types. The results are summa-
rized below:

1. We found at least three noise components in the MUSE data:
photon noise, sky background noise, and systematic noise.
For the weak Her emitter, systematic noise can be ignored. In
this case, MUSE can reach the photon noise limit at small
separations (<0.5”) and be sky background limited at the
outer regions (>1.5"), after the process of HRSDI.

2. MUSE can avoid the small sample statistics problem by mea-
suring the noise in spatial direction at multiple wavelengths.
The noise derived from Eq. (3) can provide robust noise esti-
mations at the small sample regime and provide consistent
noise estimations outside the small sample regime.

3. In general, a 30 min MUSE observation can detect 50
planets with apparent Ha line flux down to 107! and
10" erg s™! cm™2 at 0.075” and 0.25”, respectively. Despite
the analyses based on different targets with different integra-
tion time, MUSE detection limits in apparent flux are about
5 times deeper than that of ZIMPOL.

4. Except for PDS 70 b and ¢, we did not detect any clear accre-
tion signature in PDS 70, J1850-3147, and V1094 Sco down
to 0.1”.

5. We detected two asymmetric atomic jets in HD 163296 with
a very high spatial resolution (down to 8 au) at optical
wavelengths.

MUSE has instrumental issues, and the stellar Ha line-to-
continuum ratios vary significantly across the fields, which can
potentially limit its performances. Objects with higher Ha line-
to-continuum ratio are affected more severely by variations.
A proposed modified HRSDI that adjusts the way of building
the normalized reference spectra can minimize the instrumen-
tal issues. For future searches for protoplanets with MUSE, we
suggest young stars with a weak Ha line emission and a faint
R-band magnitude (mgr > 10 mag) to be the suitable targets to
avoid instrumental effects altogether.
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Appendix A: Blob ghost

Weilbacher et al. (2015) identified four artifacts visible in the
MUSE wide field mode (WFM) observation as saturation,
ghosts, diffraction spikes, and second spectral order. In this
work we find a new kind of ghost that has a blob morphology
with spectral fringing patterns that strongly contaminate the blue
part of the spectrum. Figure A.l identifies the different kinds
of known instrumental artifacts in MUSE and makes a spec-
tral comparison between the nearby sky reference and the blob
ghost. Diffraction spikes can be removed in HRSDI and satura-
tion can be avoided by optimizing the exposure time. Since NFM
observations are done in the normal mode with a blocking filter,
second-order contamination is blocked.

The arc-like structure near the SW jet (see Fig. 14) is at
the same location as the blob ghost in the raw image of HD
163296 before the removal of stellar emission (see Fig. A.1). In
the dataset with the shorter integration time, we do not find any
blob ghosts at the same or other locations, suggesting their non-
astronomical origin. The instrumental origin of the blob ghost is
not fully understood, but it is likely from the laser-guided AO
system and the internal reflection, which gives a wavelength-
dependent fringing pattern. We note that line ghosts do not have
periodic spectral fringing, suggesting a different instrumental
origin.

Blob ghosts can also be removed if necessary. The signal fre-
quency of the blob ghost is different from stellar line emission
(i.e., the Ha line in the bottom panel in Fig. A.1). Therefore,
applying a band-stop filter before PCA can remove the spectral
fringing caused by blob ghosts, while the emission lines from
planets and jets are preserved. All differential broadband features
will be aligned and removed during the low-order correction in
HRSDI.
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Fig. A.1. Top panel: image of HD 163296 at 6560 A, showing multiple
instrumental artifacts. Line ghosts are clearly visible as overbright strips
in the entire horizontal IFU and a few slices. The blob ghost is shown
as the cyan circle. The spectra of the blob ghost and nearby reference
(orange circle) are shown in the bottom panel.
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