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ABSTRACT6

We investigate the detectability of extended mid-infrared (MIR) emission associated with FU-Ori7

type objects (FUors) using the METIS coronagraphs on the 39-m Extremely Large Telescope (ELT).8

The imaging simulations were made for three representative filters (λ=3.8, 4.8, and 11.3 µm) of the9

METIS instrument. We demonstrate that the detectability of the extended MIR emission using these10

coronagraphs is highly dependent on the uncertain nature of the central FUor and its circumstellar11

environment in various contexts. These contexts are: (A) whether the central radiation source is12

either a flat self-luminous accretion disk or a star at near-infrared (NIR) wavelengths, (B) the size13

of the accretion disk for the bright central MIR emission at milliarcsecond scales, (C) whether the14

extended emission is due to either an optically thick disk or an optically thin envelope, and (D) dust15

grain models. Observations at λ=3.8 µm will allow us to detect the extended emission in many cases,16

while the number of cases with detection may significantly decrease toward longer wavelengths due17

to the fainter nature of the extended emission and high thermal background noise. In some cases, the18

presence of a binary companion can significantly hamper detections of the extended MIR emission.19

NIR and MIR imaging observations at existing 8-m class telescopes, prior to the METIS observations,20

will be useful for (1) reducing the many model uncertainties and (2) searching for binary companions21

associated with FUors, therefore determining the best observing strategy using METIS.22

Keywords: Methods: observational – Techniques: image processing – Stars: protostars — Infrared:23

stars24

1. INTRODUCTION25

FU Orionis objects (hereafter FUors) are young stellar26

objects (YSOs) that undergo the most active and violent27

accretion outbursts. During each burst, the accretion28

rate rapidly increases by a factor of approximately 1000,29

and remains high for several decades or more. It has30

been suggested that many low-mass YSOs experience31

FUor outbursts, but we miss most of them because of32

the small chance of capturing the events. Readers can33

refer to Hartmann & Kenyon (1996) and Audard et al.34

(2014) for reviews of FUors.35

Near-infrared (NIR; λ∼2 µm) imaging polarimetry36

at high-angular resolutions (∼0.′′1) revealed complicated37

circumstellar structures associated with some FUors38

(Liu et al. 2016; Takami et al. 2018; Laws et al. 2020;39

Weber et al. 2023; Zurlo et al. 2024). The observed ex-40

tended emission at these wavelengths is due to scattering41

from circumstellar dust grains illuminated by the cen-42

tral source. Liu et al. (2016) and Takami et al. (2018)43

attributed the observed circumstellar structures to grav-44

itationally unstable disks and trails of clump ejections in45

such disks. This interpretation was corroborated by We-46

ber et al. (2023), who used the Atacama Large Millime-47

ter/submillimeter Array (ALMA) and revealed a frag-48

menting spiral structure in the disk associated with the49

FUor V960 Mon. Gravitational fragmentation induced50

by these instabilities may also induce the formation of51

planets and brown dwarfs at large orbital radii, the52

presence of which conventional planet formation models53

cannot easily explain (e.g., Boss 2003; Nayakshin 2010;54

Vorobyov 2013; Stamatellos & Herczeg 2015).55

However, the observed extended emission in the NIR56

may alternatively be explained by an extended envelope.57

This explanation is corroborated by IR spectral energy58

distributions (SEDs) and millimeter emission, which in-59

dicate the presence of massive circumstellar envelopes60

toward some FUors (e.g., Sandell & Weintraub 2001;61

Gramajo et al. 2014). Furthermore, Laws et al. (2020)62
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executed NIR imaging observations toward FU Ori, an63

archetypical FUor, and pointed out that the observed64

structures are similar to those of infalling gas toward65

some normal YSOs observed at millimeter wavelengths66

(e.g., Yen et al. 2014, 2019). If this is the case, the67

structures seen in the NIR images would provide valu-68

able clues for understanding how the circumstellar disk69

is fed from the envelope, leading to accretion outbursts70

(e.g., Hartmann & Kenyon 1996).71

Throughout, the circumstellar IR emission associated72

with FUors may hold keys to understanding protostellar73

evolution and planet formation, not only for FUors but74

also in a general context. Mid-IR (MIR; λ&3 µm) ob-75

servations suffer less from circumstellar extinction than76

NIR wavelengths and therefore allow us to search for77

embedded disk emission if the extended NIR emission78

is due to a dusty envelope. Such studies have success-79

fully been made for NIR imaging observations of the80

Herbig Ae star AB Aur, which revealed disk structures81

not observed in the optical images (Fukagawa et al.82

2004; Hashimoto et al. 2011). In turn, observations at83

longer wavelengths degrade the diffraction-limited an-84

gular resolution. This problem will be resolved by next-85

generation extremely large telescopes such as the Ex-86

tremely Large Telescope (ELT, with a 39-m telescope87

diameter), the Giant Magellan Telescope (GMT, 25-m),88

and the Thirty Meter Telescope (TMT, 30-m). A 30-m89

telescope with adaptive optics (AO) will yield a90

diffraction-limited angular resolution of 25 mas91

at λ=3 µm, the same as that for a 10-m telescope92

at λ=1 µm.93

In particular, the Mid-infrared ELT Imager and Spec-94

trograph (METIS) on ELT (Brandl et al. 2022) will95

be a powerful tool for MIR imaging observations at96

3-13 µm. While the baseline design of METIS does97

not include an imaging polarimetry mode, its corona-98

graphs (high-contrast imaging elements, hereafter HCI)99

would be powerful tools for observing MIR circumstel-100

lar emission associated with bright central sources such101

as FUors. Furthermore, AO with the large telescope102

diameter of ELT will yield a diffraction-limited angular103

resolution of 20 mas at the shortest wavelengths, there-104

fore improving the resolution of observations by up to a105

factor of ∼2 compared with the NIR imaging polarime-106

try to date (mainly in the H-band at λ=1.65 µm)107

at 8-m class telescopes. The improved angular resolution108

may also be useful for better understanding the nature of109

the observed extended emission, for example, by reveal-110

ing finer structures in gravitationally fragmenting disks111

(e.g., Vorobyov & Basu 2015; Liu et al. 2016; Dong et al.112

2016) or infalling envelopes (e.g., Ginski et al. 2021).113

In this paper we will present imaging simulations of114

total intensity (Stokes I) for FUor disks/envelopes of115

observations using HCI. We selected three representative116

METIS filters (λ=3.8, 4.8, and 11.3 µm, respectively)117

for these simulations. HCI will contain the Classical118

Vortex Coronagraph (CVC), the Ring Apodized Vortex119

Coronagraph (RAVC), and the Apodizing Phase Plate120

(APP) for observations at λ=3-5 µm; and CVC for λ =121

8−13 µm. We used CVC and RAVC to observe the MIR122

emission extending over an arcsecond scale. In Table 1,123

we summarize the specifications for METIS and HCI.124

In Section 2, we summarize the method of our sim-125

ulations, which consists of the following two parts: (1)126

calculations of the MIR intensity distributions for FUors127

(Section 2.1); and (2) use of the High-contrast ELT End-128

to-end Performance Simulator (HEEPS) to investigate129

the signal-to-noise of the extended MIR emission (Sec-130

tion 2.3). We show our results in Section 3. In Section 4,131

we summarize the results and discuss research strategies132

for the future.133

2. METHOD134

In Section 2.1, we describe our calculations for the135

extended MIR emission based on Takami et al. (2023)136

(Paper I). In Section 2.2, we describe the models for the137

central compact disk responsible for the bright central138

emission in the MIR. In Section 2.3, we describe our139

simulations using HEEPS.140

2.1. Calculations for the extended MIR emission141

In Paper I, we developed a semi-analytic method to142

calculate extended MIR emission for existing FUors with143

an order-of-magnitude accuracy. The calculations are144

made using (1) the observed distribution of the polar-145

ized intensity (PI) in the H-band (λ=1.65 µm); (2) the146

observed SEDs at ultraviolet (UV) to MIR wavelengths;147

and (3) assumed optical properties for dust grains in a148

disk or an envelope, which produces extended infrared149

emission. Our method allows us to easily calculate the150

emission distributions for various cases. These cases151

are specifically: (A) when the central radiation source152

at UV to NIR wavelengths (λ < 3 µm) is a flat compact153

self-luminous disk (e.g., Hartmann & Kenyon 1996; Zhu154

et al. 2008) or a star (e.g., Herbig et al. 2003; Elbakyan155

et al. 2019), (B) when the infrared extended emission156

is associated with a disk or an envelope, and (C) with157

different dust models for light scattering and thermal ra-158

diation from the extended disk or envelope. This semi-159

analytic method is complementary to full radia-160

tive transfer simulations, which offer more accu-161

rate calculations but only with specific dynami-162

cal models and significant computational time.163
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Table 1. Instrument parameters for METIS and HCI.

Parameter Value

Filter Namea HCI-L long CO ref GeoSnap N2

Wavelength λ (µm) 3.81 4.79 11.33

Filter width ∆λ (µm) 0.27 0.22 3.03

Detector — Hawaii2RG — — GeoSnap —

Pixel scale (mas) 5.47 6.79

Minimum exposure (s) 0.04 0.011

Saturation limit (e−) 1×105 2.8 × 106

Read noise (e−) 70 300

Inner working angle (IWA, mas) 25 31 73

Flux for a zero-magnitude star (e− s−1)b 9.0×1010 2.5×1010 3.7×1010

Thermal background (e− s−1 pixel−1)b,c 8.9×104 6.7×105 1.1×108

Off-axis Transmission, CVCd 0.724 0.592 0.737

Off-axis Transmission, RAVCd 0.334 0.274 —e

Critical Exposure time, CVCe 7.6×10−2 (1.2×10−2) (1.1×10−3)

Critical Exposure time, RAVCe 1.7×10−1 2.7×10−2 —f

aLabeled “L”, “M”, and “N2” in HEEPS 1.0.0 for short to long wavelengths. The wavelengths for the former two approximately
match the Johnson L and M filters, but the parameters for these three filters are optimized primarily for the observations of
exoplanets.

bDerived excluding the transmission of the coronagraph tabulated below.

cSee Section 2.3 for the assumed observing conditions.

dFor the coronagraph optics only.

eExposure time for which the thermal background photon noise is equal to the read noise. The values with brackets are
significantly smaller than the detector minimum exposure time, implying that the noise is dominated by the photon noise for
any possible exposure time for these cases.

fNo RAVC for the GeoSnap N2 band (λ=11.3 µm).

We used some assumptions and simplification for the164

geometry of the extended disks/envelopes to derive the165

MIR images. This makes our calculations less accu-166

rate, but still with accuracies sufficient for our purpose,167

that is, determining whether the extended MIR emis-168

sion is observable using HCI. In Paper I, we per-169

formed comparisons with some numerical simu-170

lations, and these suggest that our semi-analytic171

method yields intensity distributions at an accu-172

racy within a factor of 2. However, this method173

does not include radiation heating in the inner174

disk edge or adiabatic heating, which potentially175

enhances thermal emission at λ ∼ 10 µm (see also176

Section 4 for future work).177

As in Paper I, we calculated the MIR emission for two178

FUors, FU Ori and V1735 Cyg. We tabulate the key pa-179

rameters for these objects in Table 2. Figure 1 shows the180

images in H-band observed using the Subaru-HiCIAO181

instrument. For each object, we set the intensity within182

0.′′2 of the central source to be zero as we were not able183

to make reliable measurement due to the central source184

being significantly brighter than the extended emission.185

For (2) described above, we used the SEDs described186

in Paper I. In practice, V1735 Cyg cannot be observed187

from the ELT site due to its high declination. However,188

we will still use this target to investigate the detection of189

MIR emission associated with FUors in a more general190

context.191

The infrared extended emission (r > 10 au), either192

observed or to be observed, must be due to dust scat-193

tering and thermal dust radiation in the disk or enve-194

lope (Section 1; see also Whitney et al. 2003a,b, 2004,195

2013; Audard et al. 2014). At UV to NIR wavelengths196

(λ < 3 µm), dust grains in the extended disk or envelope197

are illuminated and heated by radiation from the cen-198

tral source, which is either a disk or a star as described199

above. At MIR wavelengths (λ > 3 µm), the observed200

SEDs suggest that the radiation from the central source201

is dominated by the former (Liu et al. 2016, Paper I).202

We approximated an extended disk with an op-203

tically thin atmosphere and an optically thin inte-204

rior. For the disk, we then calculated emission205

via single scattering (the central source→scattering206

in the disk atmosphere→the observer), double scat-207
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Table 2. Targetsa.

Target Distance L∗ F∗ (W m−2 µm−1)

(pc) (L�) λ=3.8 µm 4.8 µm 11.3 µm

FU Ori 408±3 1.0×102 1.1 × 10−12 6.1 × 10−13 1.1 × 10−13

V1735 Cyg 690±40 43 3.2 × 10−13 2.1 × 10−13 3.3 × 10−14

aPaper I

Figure 1. PI distribution inH band (λ=1.65 µm), PIobs;H ,
for FU Ori and V1735 Cyg (Takami et al. 2018). The inten-
sity at each pixel (with a pixel scale of 9.5 mas for Subaru-
HiCIAO) is normalized to the Stokes I flux of the central
source. North is up. In each image, the central region is
masked as we were not able to make a reliable measurement
due to the central source being significantly brighter than
the extended emission. Labeled are arm-like features and
the emission associated with the companion star FU Ori S.

tering (the central source→the first scattering in the208

disk atmosphere→the second scattering in the disk209

interior→the observer), and thermal emission from the210

disk atmosphere and the interior. The light with211

more than two scatterings, which is not included212

in our calculations, would enhance the total in-213

tensity only by .5 % considering the fact that214

light even via double scattering contributes to215

the total intensity only up to ∼20 % (see be-216

low). For the extended envelope, we calculated the217

scattered and thermal emission assuming that the en-218

velope is optically thin and therefore double scattering219

and self absorption are negligible.220

For the optical properties of dust grains, we used three221

models as for Paper I. These dust models were origi-222

nally developed for the interstellar medium without ice223

coating (‘Dust1’), for a molecular cloud with ice coating224

(‘Dust2’), and for the surface of the disk associated with225

HH 30 (‘Dust3’), respectively and were used in Whit-226

ney et al. (2003a,b, 2004, 2013). Each dust model227

uses a number of homogeneous spherical parti-228

cles with “astronomical silicates” (Draine & Lee229

1984) and graphite, with the size distributions230

adjusted to reproduce some observations. Whit-231

ney et al. (2003a,b) calculated the optical pa-232

rameters (dust opacities, scattering albedos, for-233

ward throwing parameters, and polarization for234

scattered light) for various wavelengths for these235

dust models based on the Mie theory and the236

geometrical optics algorithm (Wood et al. 2002).237

See Paper I for more details on these dust models and238

how to calculate the distributions of total inten-239

sity (Stokes I) at MIR wavelengths from polar-240

ized intensity distributions in the H-band.241

The dust opacities for these models are tabulated in242

Table 3. For this paper, we used the Dust1 and Dust2243

models for the extended disks as well as the extended244

envelopes, as the Dust3 model cannot explain the op-245

tical properties of all of the known circumstellar disks246

associated with young stars.247

The calculated distributions of total intensity for248

the three MIR wavelengths (λ=3.8, 4.8, and 11.3 µm)249

are dominated by the single scattering process, as was250

the case for those executed at similar wavelengths in Pa-251

per I. Figure 2 shows the calculated intensities for the252

single scattered light normalized by the following case:253

when both the bright central emission and the extended254

emission are from a disk with ‘Dust1’. The scattered255

emission is brighter for the following cases: (1) observa-256

tions at short wavelengths; (2) when the extended emis-257

sion is due to a disk rather than an envelope; (3) when258

the central radiation source is also a disk, not a star at259

any wavelength; and (4) for ‘Dust2’ rather than ‘Dust1’,260

and ‘Dust3’ rather than ‘Dust2’. Double scattering in261

the disk enhances the emission by up to ∼20 % only.262

The thermal emission is responsible for up to ∼10 % at263

λ=11.3 µm in the regions close to the central source,264

but is negligible for all the other cases.265

When the central radiation source at NIR wavelengths266

is a star, the calculated intensities are also affected by267

the assumed typical grazing angle of the disk surface or268

the envelope γ (∼ z/r, where z and r are the height269

and radius, respectively). In contrast, the intensity for270

single scattering is independent of γ if the central radi-271

ation source is a disk at all wavelengths. Therefore, the272

calculated intensity including all the radiation processes273

is nearly independent of γ for the latter case. The in-274

tensity derived using a star is smaller than that using275

a disk by approximately a factor of γ. For this paper,276

we used γ=0.1 as a lower limit to yield self-consistent277
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Table 3. Dust opacity.

λ κext(λ) (cm2 g−1) κext(λ)/κext(H)

(µm) Dust1 Dust2 Dust3 Dust1 Dust2 Dust3

1.65 (H) 37.5 60.8 52.4 1 1 1

3.81 8.30 15.3 18.1 0.22 0.25 0.35

4.79 5.53 10.3 12.7 0.15 0.17 0.24

11.33 8.29 11.1 6.67 0.22 0.18 0.13

Figure 2. Relative intensities for the scattering emission
for various cases. The left and right panels are for when
we assumed that the extended emission is associated with
a disk and an envelope, respectively. The solid and dashed
curves are for when the central illuminating source at NIR
wavelengths is a self-luminous compact disk and a star, re-
spectively. The curves with different colors are for different
dust models. The dots indicate values at three representa-
tive wavelengths for the METIS observations (λ=3.8, 4.8,
and 11.3 µm). All values are normalized to the intensity
for an extended disk at λ=3.8 µm derived using a flat com-
pact disk as the illuminating source at NIR wavelengths, and
using the Dust1 model for the extended disk.

calculations. See Paper I for details about the effects278

and limitations of γ.279

2.2. Central source for HCI calculations280

As described in Section 2.1, the bright central source281

is a self-luminous compact disk at the wavelengths of the282

HCI observations. Although this is nearly a point source283

at the given angular resolution, the emission from the284

outer disk radii leaks out from the coronagraphic mask,285

and therefore enhances the speckle noise, as demon-286

strated in later sections.287

For this work, we used the following disk models:288

(1) conventional optically-thick accretion disk models289

(Pringle 1981); and (2) a Gaussian distribution with a290

HWHM of 1, 2, and 4 au. Interferometric observations291

of disks at NIR and MIR wavelengths have been power-292

ful in constraining their spatial distributions, but have293

not yet been able to determine detailed distributions as294

described below. For (1), the intensity distribution de-295

pends on the wavelengths of the observations and the296

mass accretion rate (and therefore the resultant lumi-297

nosity). This model successfully explained the observed298

SEDs and MIR interferometric visibilities (λ ∼ 10 µm)299

for FU Ori (Quanz et al. 2006). This study was cor-300

roborated by Labdon et al. (2021), who executed multi-301

band NIR interferometry (λ = 1.2-2.2 µm) for the same302

star. The models in (2) were used for the following stud-303

ies. Liu et al. (2019); Lykou et al. (2022) attributed304

their NIR-to-MIR interferometric observations (λ = 2-305

3.5 µm) of FU Ori to a Gaussian disk with a HWHM306

of 0.5-3 au. Quanz et al. (2006) demonstrated that the307

MIR interferometric visibilities (λ ∼ 10 µm) measured308

for FU Ori are consistent with a Gaussian disk with a309

HWHM of ∼4 au as well as the conventional disk model.310

Figure 3 shows the radial intensity distribution for the311

above disk models in three HEEPS bands. The distribu-312

tion of emission for the conventional disks was smaller313

than any of the Gaussian distributions we used. The314

conventional disks show a larger spatial extent at longer315

wavelengths because of contributions from the cooler316

outer regions. Their spatial extent is slightly larger for317

FU Ori than V1735 Cyg due to a larger disk luminos-318

ity. For all the cases, most of the flux from the cen-319

tral disk is distributed within the diffraction core of the320

telescope. As a result, their spatial distributions are321

almost identical to those of a point source without a322

coronagraph.323

The inclination angle of the disk+envelope system is324

not known for our target objects (Paper I). For our325

simulation, we use these compact disks with a face-on326

view, which yields the maximum leakage from the coron-327

agraphic mask and therefore conservative detection lim-328

its.329

2.3. HEEPS simulations330

To investigate the signal-to-noise ratio for the331

extended MIR emission, we used HEEPS v1.0.01332

(Delacroix et al. 2022a), an open-source python-based333

software for HCI (Delacroix et al. 2022b). HEEPS cal-334

culates the speckle noise associated with bright sources335

in the given detector format through the following steps:336

(1) derivation of a temporal series of single-conjugate337

1 https://github.com/vortex-exoplanet/HEEPS
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Figure 3. Radial intensity distributions for various disk models. The left to right panels are for the three representative
wavelengths for our calculations. Each panel shows the distributions for the conventional optically-thick accretion models (‘C.
disk’) for the luminosities for FU Ori and V1735 Cyg (100 and 43 L�, respectively; see Table 2) and the Gaussian disk models
for HWHM=1, 2, and 4 au. Each curve is normalized to the peak value. The blue horizontal bar in each panel indicate the
HWHM of the diffraction-limited point-spread function (PSF) of the telescope at the target distances (Table 2).

adaptive optics (SCAO) residual phase screens, includ-338

ing the predicted instantaneous pointing errors of the339

observations; (2) propagation of the SCAO residual340

phase screens through the individual optical components341

of the instrument, using one of the vortex coronagraphy342

modes (CVC or RAVC); (3) accumulation of the instan-343

taneous coronagraphic point-spread functions (PSFs) to344

produce a mock observing sequence in pupil-stabilised345

mode, including the METIS radiometric budget for the346

considered target star in the considered filter; and (4)347

computation of the post-processed contrast. For each fil-348

ter, these calculations are made monochromatically for349

the given representative wavelength.350

Using HEEPS, we first calculated the following se-351

quences (cubes) of the PSFs for the default field of view352

(FoV) of HEEPS of 2.2×2.2 arcseconds:353

: (I) On-axis PSF cubes for the target objects, the disks354

described in Section 2.2. We calculated the an-355

gular distribution of the emission, and derived the356

PSF cubes for an on-source integration of 30 min-357

utes for each wavelength, coronagraph (CVC or358

RAVC), and disk model. Each cube consists of359

6000 images for the given integration and time in-360

terval.361

HEEPS has a built-in function to execute such362

simulations for slightly extended emission such as363

these disks, approximating them using multiple364

point sources. However, this function requires sig-365

nificant computational time proportional to the366

number of the point sources. To overcome this367

problem, we developed Monte-Carlo simulators to368

eject photon packets from the individual locations369

of the above disk models. We added the coordi-370

nate of each photon packet to the pointing error for371

the simulation for each image of the cube provided372

with a 300-msec interval. This method allowed us373

to calculate a PSF cube for each case with a com-374

putational time of approximately 45 minutes using375

an 8-12 CPU server. The use of 6000 photon pack-376

ets for a 30-minute integration reduced the statis-377

tical error for the intensity distribution of the PSF378

to within 2 %.379

: (II) Off-axis PSF cubes used to convolve extended MIR380

emission derived in Section 2.1. We also used the381

off-axis PSF at λ=3.8 µm to study the impact of382

a binary companion (Section 3.3).383

: (III) On-axis PSF cubes for reference stars (point384

sources) to subtract the bright central emission385

from the target exposures (see Appendix A for ne-386

cessity). For these cubes, we used different sets387

of phase screens from (I)(II) in order to repro-388

duce the observations at different times. We used389

a star 3 times as bright as each target object,390

and executed simulations for a 30-minute integra-391

tion which yielded 6000 frames. In Section 4, we392

will briefly discuss the use of stars with different393

brightness levels at varying integrations.394

As described below, we derived median PSFs us-395

ing the PSF cubes and subtracted them from the396

individual science frames. In the future, we may397

use PSF models with the Locally Optimized Com-398

bination of Images (LOCI; Lafrenière et al. 2007)399

and Principal Component Analysis (PCA; Soum-400

mer et al. 2012; Amara & Quanz 2012; Juillard401

et al. 2024) that have previously been successful402

when the central science target is a star.403

To calculate speckle noise, we used the SCAO404

residual phase screens derived with a 300 msec sam-405

pling for the following conditions as in Carlomagno et al.406

(2020); Delacroix et al. (2022a). We split the cur-407

rently available 12000 phase screens into two to408
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obtain the cubes for (I)(II) and (III), respec-409

tively. The mock observations were made for median410

atmospheric conditions at the ELT site, at an assumed411

declination of −5◦ and with a K-band (λ=2.2 µm) mag-412

nitude of 5 for SCAO corrections. The actual target413

K magnitudes of 5-7 for FU Ori and V1735 Cyg yield414

similar performances as our mock observations (Feldt415

et al. 2024). The assumed declination yields a rotation416

of the parallactic angle of about 20◦ during the given417

integration when the target was crossing the meridian.418

For the thermal background, we used constant419

values estimated for the individual filters tabu-420

lated in Table 1. We approximated that the PSF421

subtraction described above does not yield any422

residual patterns for thermal background except423

the photon noise.424

Using the cubes (I)-(III), one would execute the fol-425

lowing simulations for extended emission in order to ap-426

proximate the actual observations in the sky: (A1) ap-427

ply field rotations to the extended emission for the mock428

observing sequence; (A2) convolve the images of the ex-429

tended emission using the off-axis PSFs calculated for430

the individual time sequences; (A3) add the on-axis PSF431

for the central source; (A4) subtract the stacked refer-432

ence PSF; (A5) de-rotate the images to match their sky433

coordinates; and (A6) stack the cube to create the final434

image. However, this sequence also requires significant435

computational time due to the number of combinations436

of the bands, coronagraphic modes, central sources, and437

extended emission in our study. In practice, the process438

(A5) returns the location of the extended emission to439

its original position before applying the field rotations440

(A1). Therefore, we alternatively executed the following441

processes, which yielded identical results but with a sig-442

nificantly smaller computational time: (B1) subtracted443

the stacked reference PSF from each image in the on-444

axis PSF cube; (B2) derotated the images in the on-445

axis and off-axis PSFs, respectively, to match their sky446

coordinates; (B3) stacked the on-axis and off-axis PSF447

cubes, respectively; and (B4) convolved the extended448

emission using the stacked off-axis PSF and added it to449

the stacked on-axis PSF.450

Before the PSF subtraction, we stacked the reference451

PSF without field rotation, and scaled it using the fluxes452

of the target PSF (without the extended emission) and453

the reference PSF measured within a radius of 0.′′5. This454

scaling process yielded the cases when the ideal PSF sub-455

traction was achieved. In contrast, the images obtained456

through actual observations of the targets would include457

both the on-axis PSF and extended emission, and there-458

fore require complicated optimization of the PSF sub-459

traction to avoid over-subtraction. This optimization is460

beyond the scope of this paper, that is, to investigate461

whether the target emission is actually detectable over462

speckle and photon noise.463

The photon noise was added to the final images as464

follows. Before the process (B1), we first obtained the465

image of the photon counts for the stacked reference PSF466

with the thermal background, derived the image of the467

Poisson noise, and added it to the stacked reference PSF.468

Secondly, we obtained the image of the photon counts for469

the target frames with the thermal background, through470

(B2)-(B4), but without PSF subtraction. We then de-471

rived the distribution of the Poisson noise and added it472

to the image derived through (B1)-(B4). This method473

yields the same level of photon noise as we add Poisson474

noise to each image with 300-msec sampling, but with475

significantly fewer random numbers and therefore total476

time for calculation.477

We then converted the units of the extended emission478

to W m−2 µm−1 arcsec−1. In addition to the images479

with extended emission, we also created images using480

the same PSFs but without extended emission. We used481

these images to estimate the detection limits of the ex-482

tended emission in later sections.483

The read noise of the detector, which is not in-484

cluded in our calculations, is marginal or negligi-485

ble compared with the total noise if we select a suffi-486

ciently long exposure. Under these conditions, the487

results presented in the rest of the paper are488

independent of the actual exposure time. Such489

exposures saturate the central source in limited cases,490

but do not significantly affect the observations of the ex-491

tended emission in which we are interested (Appendix492

B). To minimize the overheads for the detector493

readouts, and therefore the total time for the494

observations, one would select the actual expo-495

sure time as long as the detector saturation does496

not significantly hamper the image alignment for497

the image stacking process.498

3. RESULTS499

In Section 3.1, we summarize the basic coronagraphic500

performance for various cases without target ex-501

tended emission. In this subsection, we demon-502

strate how the different central compact disks503

(the conventional disks and the Gaussian disks504

with a HWHM of 1, 2, and 4 au) yield different505

PSFs and different distributions of speckle noise.506

In Section 3.2, we present the simulations of the target507

extended emission. In Section 3.3, we demonstrate how508

the existing binary companion of FU Ori affects the ob-509

servations of the extended emission.510
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3.1. Basic coronagraphic performances511

Figure 4 shows how the two coronagraphs work to512

reduce the flux from the bright central disk in various513

cases, that is, for different disk models and three bands,514

and when the target is FU Ori or V1735 Cyg. These515

are shown as the flux ratios of the on-axis (when the516

emission is centered on the coronagraphic mask) to the517

off-axis observations (when the emission is out of the518

coronagraphic mask) measured within r=5λ/D of the519

central source (0.′′12, 0.′′15, and 0.′′37 at λ=3.8, 4.8, and520

11.3 µm, respectively; where D is the diameter of the521

telescope). This region for each wavelength would cover522

90–95 % of the total flux without a coronagraph. The523

derived ratios, which differ from those using the con-524

ventional method with the central position only (“peak525

rejection rate”; e.g., Carlomagno et al. 2020), allow us526

to evaluate the flux reduction independent of different527

shapes of PSFs.528

In each panel of Figure 4, we also show the flux ratios529

for a point source for reference. The horizontal axis of530

each panel is organized from left to right for small to531

large spatial extent of the bright central source (Section532

2.2; Figure 3). Speckle noise and the pointing errors for533

the AO were included but photon noise is not.534

In general, a large spatial extent for the bright cen-535

tral source yielded a larger flux leakage from the mask.536

However, the differences were marginal between the fol-537

lowing cases: (1) the central source is a point source and538

with the conventional accretion disk for the observations539

at λ=3.8 and 4.8 µm, and (2) all the cases for the ob-540

servations at λ=11.3 µm. The latter trend is attributed541

to the relatively large diffraction pattern at the wave-542

length of the observations (Figure 3). The coronagraph543

worked better for V1735 Cyg than FU Ori, in particular544

for the Gaussian disk models, because of the smaller an-545

gular scales at a larger distance. At λ=3.8 and 4.8 µm,546

for which both of the CVC and RAVC coronagraphs are547

available, RAVC yielded a better capability to reduce548

the flux of the central source by a factor of up to ∼5.549

Figure 5 shows the on-axis PSFs for FU Ori with the550

CVC coronagraph for three bands and different central551

disks. To show the instrumental PSFs, we stacked the552

PSF cubes without field rotation. At λ=3.8 and 4.8 µm,553

the PSF for each central source consists of a bright core554

with six diffraction spikes at 60◦ intervals, and a ring555

with a diameter of about 1 arcsecond. The six diffrac-556

tion spikes are due to the shadow of the support struc-557

ture that hold the secondary mirror of ELT. The ring558

corresponds to the control radius of the SCAO with559

the ELT-M4 deformable mirror (0.8, 1.0, and 2.5 arc-560

sec for λ=3.8, 4.8, and 11.3 µm, respectively).561

We find marginal differences in the PSFs between the562

smallest and largest disks shown in the left and right563

ends of the figure. When the central source is larger,564

the core and the spikes are brighter while the brightness565

of the ring remains the same. The brightest PSFs at566

λ=3.8 and 4.8 µm are also associated with six more faint567

diffraction spikes between the six bright spikes. The568

PSFs at λ=11.3 µm resemble the central part of the569

PSFs at λ=3.8 and 4.8 µm. The PSFs for the RAVC570

coronagraph also show the same trends described above571

(see Appendix C).572

Figure 6 shows the same PSFs but after subtracting573

the reference PSF and applying the field rotation before574

stacking (B2 and B3 in Section 2.3) in order to show how575

the residual of PSF subtraction can affect the observa-576

tions of the extended emission. The residual pattern577

of the PSF subtraction does not show significant dif-578

ferences between different central disks but does in the579

absolute level of the speckle noise associated with the580

spike patterns, and a negative ring occurrs due to the581

flux scaling of the reference PSF. The use of the RAVC582

coronagraph yields a similar trend (Appendix C). For583

both cases, the spike patterns become significantly less584

noticeable because of (1) the PSF subtraction; and (2)585

the field derotation of the individual frames before stack-586

ing.587

Figure 7 shows the 5-σ detection limits of the ex-588

tended emission for various cases of the CVC observa-589

tions as a function of angular distance from the central590

disk. The calculation for each dot was made by mea-591

suring the root mean square of the speckle and thermal592

noise in a 21×21-pixel box (approximately 0.′′1×0.′′1; see593

Table 1) between the residual of the bright spikes after594

the PSF subtraction. Before the measurements, we con-595

volved the image using a 2-D Gaussian with a FWHM596

of 30 mas to improve the detection limit without sig-597

nificantly degrading the images for the target extended598

emission (Section 3.2).599

At longer wavelengths (λ=4.8 and 11.3 µm), the con-600

stant noise level in the outer radii is due to photon noise.601

Any other curves, whose spatial variations are due to the602

speckle noise, show that the detection limits are smaller603

for larger distances at the inner radii, but these increase604

at the outer radii due to speckle noise associated with605

the negative rings (Figure 6).606

In Figure 8, we compare the detection limits for the607

CVC and RAVC coronagraphs using the smallest and608

largest central disks. CVC yields better detection limits609

than RAVC. Therefore, we use CVC for the rest of the610

paper in order to investigate the detection of the target611

extended emission for various cases.612
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Figure 4. Reduction of the flux of the central disk by the coronagraphic mask for various cases. These are shown as the
flux ratios for the on-axis and off-axis observations. The left to right panels show the ratios for the three wavelengths. Each
panel shows the ratios when the central source is FU Ori and V1735 Cyg, and observed using two coronagraphs (CVC and
RAVC) to be installed in HCI. The horizontal axis of each panel shows the cases where the central source is a point source, the
conventional accretion disk, and Gaussian disks with a HWHM of 1, 2, and 4 au, respectively. These are organized from left to
right for smaller to larger spatial distributions (Figure 3).

Figure 5. The on-axis PSFs for FU Ori with the CVC coronagraph for various cases. The panels from left to right are those
where the central source is a point source, the conventional accretion disk, and the Gaussian disks with a HWHM of 1, 2, and
4 au, respectively, i.e., for small to large sources. The panels from top to bottom are for λ=3.8, 4.8, and 11.3 µm, respectively.
The intensity at each pixel is normalized by the total off-axis transmission. The images for the whole integration were stacked
in the detector coordinates without field rotation.

3.2. Observations of the target extended emission613

Figures 9 and 10 show PSF-subtracted images for four614

combinations of the extended emission (a disk or an en-615

velope), the central radiation source at NIR wavelengths616

(a disk or a star), and dust grain models (Dust1, 2,617

and 3). These combinations are tabulated in Table 5 as618

Cases 1-4. Cases 1 and 2 are the brightest cases where619

we use the extended disk and the envelope, respectively.620

Cases 3 and 4 are the same but for the faintest cases (see621

Figure 2). For all cases, we used the conventional accre-622

tion disk as the bright central source in the MIR. For623

reference, we also measured the signal-to-noise at the624
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Figure 6. Same as Figure 5 but for the four central disks after subtracting the reference PSF and applying the field derotation
before stacking. The color bar for each panel is adjusted to clearly show the residual intensity distribution in the central part.

Figure 7. The 5-σ detection limits for the CVC observations. The top and bottom panels are for different targets, and the
left to right panels are for observations at short to long wavelengths. For each panel, we show the detection limits as a function
of distance from the central source, which is either the conventional accretion disk or a Gaussian disk with HWHM=1, 2, or
4 au. The noise was measured along the horizontal axis (i.e., between the spike patterns that cause larger noise levels) after
convolving the images using a Gaussian function with a FHWM of 30 mas.

peak positions indicated in the figures. These values are625

tabulated in Table 4.626

In general, the observations at shorter wavelengths627

yielded better signal-to-noise ratios due to the brighter628
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Figure 8. Same as Figure 7 but for both of the CVC and
RAVC coronagraphs. The 5-σ detection limits shown in the
figure are limited to the smallest and largest disks and for
λ=3.8 and 4.8 µm in order to clarify the differences between
the two coronagraphic modes.

Table 4. Signal-to-noise at the peak position

Target λ (µm) Case 1 Case 2 Case 3 Case 4

FU Ori 3.8 2.3×102 65 11 2.1

4.8 1.5×102 31 5.5 0.8

11.3 17 2.0 0.09 0.02

V1735 Cyg 3.8 99 28 4.5 0.9

4.8 33 6.8 1.2 0.2

11.3 4.8 0.6 0.03 6×10−3

Table 5. Parameters of four cases for extended emission.

Case Extended Central Radiation Dust

Emission Source

@NIR

1 Disk Disk Dust3

2 Envelope Disk Dust3

3 Disk Star Dust1

4 Envelope Star Dust1

nature of the target extended emission (Figure 2) and629

significantly fainter thermal background (Table 1). In630

contrast, the target extended emission can be ob-631

served only for the brightest cases at λ=11.3 µm.632

In Figure 11, we plot the brightness of the target ex-633

tended emission and 5-σ detection limits at the emission634

peaks indicated in Figures 9 and 10. If the bright cen-635

tral source in the MIR is the conventional accretion disk,636

the observations at λ=3.8 µm will allow us to detect ex-637

tended emission over 5-σ for many cases (8-10 out of 12638

for each of FU Ori and V1735 Cyg). At λ=4.8 µm, the639

detections will be limited to 4-9 cases for each target.640

At λ=11.3 µm, the extended emission will be detected641

only for the brightest cases. These are: when the central642

radiation source at NIR wavelengths is a disk, and the643

extended emission is due to a disk with Dust3.644

The detection rates are worse for larger central disks.645

If it is a Gaussian disk with a HWHM of 4 au, the ex-646

tended emission will be detected only at λ=3.8 and 4.8647

µm, if the central radiation source at NIR wavelengths648

is a disk, and the extended emission is associated with649

an extended disk.650

3.3. Simulations with a companion star651

FU Ori is known to be associated with a binary com-652

panion (FU Ori S) at a separation of 0.′′5 (Wang et al.653

2004; Reipurth & Aspin 2004). Reipurth & Aspin (2004)654

measured L′-band (λ = 3.8 µm) magnitudes of FU Ori655

and FU Ori S of 4.2 and 8.1, respectively. This compan-656

ion was only marginally visible in the images in Section657

3.2 because the imaging polarimetry technique used for658

the original H-band images significantly reduced its flux659

(see Figure 1).660

Figure 12 shows the simulated images with the bi-661

nary companion and the extended emission at λ=3.8662

µm with the CVC coronagraph and for Cases 1-3. As663

in Figure 9, the bright central source at the observing664

wavelength is assumed to be the conventional disk. As665

shown in Figure 9, these are the best cases for increas-666

ing the signal-to-noise ratio for the extended emission667

in terms of the observing wavelength (see Figure 9) and668

the bright central source in the MIR (Figure 11). Figure669

12 still shows the bright arm in the east. However, these670

images suggest that the presence of a binary companion671

can significantly hamper observations of the extended672

emission if they spatially overlap.673

This problem could be resolved if we use a PSF refer-674

ence for the binary companion as well as the bright cen-675

tral emission. We need different integrations for these676

PSFs than those for the bright central source because677

the companion and the bright emission are located off-678

axis and on-axis of the coronagraph optics, respectively.679

4. CONCLUSIONS AND DISCUSSION680

METIS-HCI observations of the extended emission681

associated with FUors have great potential to yield a682

breakthrough in understanding their nature, and there-683

fore further details of their stellar accretion and possible684

planet formation scenarios. This understanding would685

be applicable to many YSOs as well. According to our686

analysis with a limited sample (FU Ori, V1735 Cyg),687
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Figure 9. Simulated images for FU Ori using the CVC coronagraph. The panels from left to right are for Cases 1 to 4, as
tabulated in Table 5. The panels from top to bottom are for λ=3.8, 4.8, and 11.3 µm, respectively. The central source in the
MIR is the conventional accretion disk. The PSF reference is scaled and subtracted. Each image is convolved with a Gaussian
with a HWHM of 30 mas to increase the signal-to-noise of the target extended emission. The small red square in each image
shows the position where we measured the signal-to-noise for Figure 11.

the detection of infrared extended emission using HCI688

can be affected by many uncertainties. These include:689

the central radiation source at NIR wavelengths (either690

a self-luminous disk or a star); the spatial extent of the691

bright central disk emission in the MIR; whether the ex-692

tended emission is associated with a disk or an envelope;693

and the nature of the internal dust grains responsible for694

the infrared emission.695

We investigated the detectability of the extended696

emission for the three representative METIS bands697

(λ=3.8, 4.8, and 11.3 µm) and the two coronagraphic698

modes (CVC/RAVC) that will offer a field of view suf-699

ficient for the target extended emission. Of the three700

wavelengths, the observations at λ=3.8-µm will yield the701

highest chance of detecting the extended emission due to702

its bright nature and relatively low thermal background.703

The observations at this wavelength will also have the704

advantages described below. First, these will improve705

the angular resolution by a factor of ∼2 compared with706

the existing NIR observations (mainly in the H-band707

at λ=1.65 µm) at 8-m class telescopes, hopefully al-708

lowing us to better investigate the origin and the details709

of the observed structures. Secondly, the observations710

at short wavelengths suffer less from the uncertainties in711

the intensity of the extended emission (Paper I; Figure712

2). CVC yielded better detection limits than RAVC.713

In general, the dust opacity is smaller at longer wave-714

lengths (Table 3). That at λ=3.8 µm would be 3-5 times715

lower than the H-band (λ=1.65 µm). If the 3.8-µm im-716

age shows a spatial distribution different from the H-717

band, it suggests that the extended envelope contributes718

to the H-band emission, while the 3.8-µm emission is719

associated with regions closer to the surface of the ex-720

tended disk (or hopefully the disk surface; Section 1;721

Fukagawa et al. 2004; Hashimoto et al. 2011). In this722

case, a typical (3.8-µm)/H intensity ratio observed in723

the extended emission (hereafter I3.8µm/IH) would al-724

low us to estimate the brightnesses at longer MIR wave-725

lengths such as λ=4.8 and 11.3 µm, therefore allowing726

us to investigate whether we will be able to detect emis-727

sion at these wavelengths to observe the circumstellar728

structures even closer to the disk surface. If the images729
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Figure 10. Same as Figure 9 but for V1735 Cyg.

at λ=3.8-µm and H-bands show the same spatial dis-730

tribution, the extended emission at these wavelengths731

must share the same origin. In this case, the I3.8µm/IH732

ratio will allow us to investigate whether the extended733

emission is associated with a disk or an envelope (Paper734

I). As such, we would be able to identify the origins of735

the observed structures and discuss the implications for736

star and planet formation. One may start the obser-737

vations from FU Ori, which is used for the analysis in738

this paper and is observable from ELT. Observations of739

even a single target would allow us to investigate the ob-740

servability of the other FUors, assuming that they share741

the same origins for the central radiation source at NIR742

wavelengths, for the bright central disk emission at MIR743

wavelengths, and for the dust grains responsible for the744

extended infrared emission.745

Alternatively, one may execute MIR imaging obser-746

vations (as well as the NIR observations for the other747

FUors) using existing telescopes prior to the operation748

of the ELT. Such observations would also be useful for749

investigating the detectability of the extended emission750

prior to METIS observations. Preliminary imaging ob-751

servations using existing telescopes would also be useful752

to investigate whether target FUors other than FU Ori753

are associated with a binary companion that potentially754

hampers studies of the MIR extended emission.755

For any of the above MIR wavelengths, we need to756

subtract the bright central PSF using a reference PSF757

from a star in order to execute detailed analysis of the758

extended emission (Appendix A). Throughout our simu-759

lations, we used reference stars three times brighter than760

the target objects and applied the same integration time761

as the targets. The observing time for the reference PSF762

could be reduced, but we would need a brighter source763

as the photon noise for the reference frames is enhanced764

when we scale them before subtracting them from the765

science frames (Section 2.3). Alternatively, new software766

techniques such as MAYONNAISE (Pairet et al. 2021)767

and REXPACO (Flasseur et al. 2021) would be useful768

for removing the PSF even without using the conven-769

tional PSF subtraction used in this paper.770

The models for the extended MIR emission did not771

include radiation heating at the inner disk edge or adia-772

batic heating of gravitational fragments in the disk (Pa-773

per I). These may enhance the MIR emission, particu-774

larly at long wavelengths such as λ=11.3 µm. This will775

be investigated in the future using more sophisticated776

radiative transfer simulations.777
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Figure 11. Comparisons between the 5-σ detection limits (black lines with dots) and the brightness of the extended emission
(horizontal lines). The left and right panels are for FU Ori and V1735 Cyg, respectively. The top to bottom panels are for
λ=3.8, 4.8, and 11.3 µm, respectively. For each target and band, we organize two panels to show the values when the extended
emission is associated with a disk (left) and an envelope (right). In each panel, we plot the brightnesses for different central
radiation sources at NIR wavelengths (a star or a disk) and for different dust models (Dust1, 2, and 3). The left to right dots
in each panel are the values when the bright central source in the MIR is the conventional accretion disk and Gaussian disks at
HWHM of 1, 2, and 4 au. The 5-σ detection limits for the individual cases were measured at the positions shown in Figures 9
and 10.

Figure 12. Simulated images of FU Ori with FU Ori S at λ=3.8 µm using the CVC coronagraph. The panels from left to right
are for Cases 1-3 (see Table 5 for their parameter sets). The bright central source at the observing wavelength is assumed to be
the conventional accretion disk. The color contrast for each image is arbitrarily adjusted to investigate how the observations of
the extended emission suffer from the companion.
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APPENDIX919

A. SIMULATED IMAGES WITHOUT PSF SUBTRACTION920

In this section, we limit our discussion to λ=3.8 µm, which yields the best detection of the extended emission (Section921

3.2, Figures 9 and 10). Figure 13 shows the simulated images for FU Ori for three cases (Case 1-3; see Table 5) without922

subtracting the bright central emission. The east arm shown in Figures 1 and 9 is visible for Case 1, i.e., for which923

we expect the observations with the best signal-to-noise (see Section 3.2, Figure 9, and Table 5). However, this arm924

is only marginally visible in Case 2 and not clearly visible in Case 3. These contrast with Figure 9 for the same cases925

but after subtracting the bright central emission, for which the arm is clearly observed. As such, the subtraction of926

the bright central emission significantly enhances the detection of the extended emission.927

Figure 13. Same as Figure 9 but for λ=3.8 µm only, Cases 1-3 and without subtracting the bright central emission. The
color contrast for each image is arbitrarily adjusted to investigate how the observations of the extended emission suffer from the
emission from the central disk. The white arrows indicate the eastern arm in the extended emission shown in Figures 1 and 9.

B. EXPOSURE TIME AND DETECTOR SATURATION928

The left-to-middle panels in Figure 14 show the peak intensities divided by the saturation levels of the detector for929

the individual cases. For the observations at λ=3.8 µm, we selected an exposure of 0.1 second, that is an approximate930

minimum exposure for which the thermal background photon noise dominates over the read noise of the detector. For931

those at λ=4.8 and 11.3 µm, we selected the minimum exposure times expected to be accepted for the detector, for932

which the read noise of the detectors provides only a fraction of the total noise. See Table 1 for the details of these933

exposures and related parameters.934

At λ=3.8 µm, the peak count increases with the spatial distribution of the central disk. This trend is marginal and935

absent at λ=4.8 and 11.3 µm, respectively, due to the significantly larger thermal background. The figure shows that936

the detector saturation occurred for only a few limited cases for FU Ori observed using the CVC coronagraph. The937

right panel of Figure 14 shows the most saturated case (for a Gaussian disk with a HWHM of 4 au), for which the938

detector saturation occurs only at the angular scale of the diffraction core.939

Throughout the paper, we assumed that the detector saturation does not significantly degrade the accuracy for940

aligning the image when we subtract the PSF using a reference star. We also note that the bright central emission of941

FU Ori at λ=3.8 µm is not likely due to a disk with the largest spatial extent (a Gaussian disk with a HWHM of 4942

au), which caused significant detector saturation (Section 2.2).943

C. COMPLEMENTARY SIMULATIONS WITH THE RAVC CORONAGRAPH944

Figure 15 shows the PSFs for various cases simulated for the RAVC coronagraph. These qualitatively exhibit the945

same trends as the CVC coronagraph described in Section 3.1 but at lower intensity levels.946

Figure 16 shows the on-axis PSFs for FU Ori after subtracting the reference PSF, i.e., the same figure as Figure 6947

but for the RAVC coronagraph. Due to the similarity of the images between different central disks (the conventional948
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Figure 14. (left to middle) The peak counts per the level of the detector saturation for various cases. The panels from left to
right are for three wavelengths of the observations. In each panel, the horizontal axis shows the cases where the central source
is a point source, a conventional accretion disk, and Gaussian disks with a HWHM of 1, 2, and 4 au, respectively. The plots
for the two target objects completely overlap for λ=11.3 µm in the right panel. (right) The image of the central source for the
most saturated case, i.e., FU Ori, where the central source is a Gaussian disk with a HWHM of 4 au, observed using the CVC
coronagraph at λ=3.8 µm. The black area at the center indicates the region where the detector saturation occurred.

Figure 15. Same as Figure 5 but for the RAVC coronagraph.

accretion disk and the Gaussian disks with a HWHM of 1, 2, and 4 au), we show those only for the smallest and largest949

disks, i.e., the conventional accretion disk and the Gaussian disks with a HWHM of 4 au, respectively. As in Figure 6,950

the images for the different central disks are similar, but the absolute level of the speckle noise is associated with the951

spike patterns, and a negative ring occurs due to the flux scaling of the reference PSF. Compared with Figure 15, the952

spike patterns became significantly less noticeable because of (1) the PSF subtraction and (2) the field derotation of953

the individual frames before stacking.954
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Figure 16. Same as Figure 6 but for the RAVC coronagraph. The images are shown for the smallest and largest central disks
(i.e., the conventional disk and a Gaussian disk with a HWHM of 4 au).
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