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ABSTRACT

We present images of the Vega planetary debris disk obtained at 15.5, 23, and 25.5 µm with the

Mid-Infrared Instrument (MIRI) on JWST. The debris system is remarkably symmetric and smooth,

and centered accurately on the star. There is a broad Kuiper-belt-analog ring at ∼80 to ∼170 au that

coincides with the planetesimal belt detected with ALMA at 1.34 mm. The interior of the broad belt is

filled with warm debris that shines most efficiently at mid-infrared along with a shallow flux dip/gap at

60 au from the star. These qualitative characteristics argue against any Saturn-mass planets orbiting

the star outside of about 10 au assuming the unseen planet would be embedded in the very broad

planetesimal disk from a few to hundred au. We find that the distribution of dust detected interior

to the broad outer belt is consistent with grains being dragged inward by the Poynting-Robertson

effect. Tighter constraints can be derived for planets in specific locations, for example any planet

shepherding the inner edge of the outer belt is likely to be less than 6 Earth masses. The disk surface

brightness profile along with the available infrared photometry suggest a disk inner edge near ∼3−5 au,

disconnected from the sub-au region that gives rise to the hot near-infrared excess. The gap between

the hot, sub-au zone and the inner edge of the warm debris might be shepherded by a modest mass,

Neptune-size planet.

Keywords: Debris disks (363); Circumstellar disks (235); Planetesimals (1259)

1. INTRODUCTION

Vega was the first-discovered and one of the proto-

typical planetary debris disks. It opened a broad field

of study that now is being used to identify relatively

low mass exoplanets beyond the reach of other discov-

ery techniques, as well as to reveal detailed properties

of the systems of small bodies in other planetary sys-

tems. Debris studies are an important component of

our efforts to understand the formation and evolution of

planetary systems (e.g., Wyatt & Jackson 2016; Hughes

et al. 2018; Chen et al. 2020; Najita et al. 2022).

Corresponding author: Kate Su

ksu@spacescience.org

The Vega debris disk was discovered when IRAS ob-

served Vega for calibration and found it is too bright at

60 µm by a factor of 15. The temperature associated

with the dust responsible for this additional emission

was around ∼85 K, analogous to temperatures at the

inner edge of the Kuiper Belt. IRAS found hundreds of

debris disks, and the number has only grown with the

contributions of additional cold space telescopes, such

as ISO, Spitzer, Akari, Herschel, and WISE.

Subsequent observations have demonstrated that de-

bris disks are not simply a far infrared phenomenon

(Hughes et al. 2018). IRAS and subsequent observa-

tions of the integrated emission of disks (i.e., without

resolving them) showed that many have warmer dust,

which was attributed to structures analogous to our As-

teroid Belt (e.g., Su et al. 2013). Although previous
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space infrared telescopes were too small to image disks

in detail, JWST has begun doing so at resolutions that

resolve them well, e.g., Gáspár et al. (2023), showing

that the asteroid-belt analogy needs significant revision.

The well-resolved infrared images that are now becom-

ing available complement images at other wavelengths to

help provide a comprehensive understanding of the de-

bris disk phenomenon. A prelude to the resolved images

on many systems in scattered light was the pioneering

image of β Pic by Smith & Terrile (1984). Spectacu-

lar results on the morphology of disks and its variety

have been revealed in high resolution scattered light im-

ages from HST (e.g., Schneider et al. 2014), JWST (e.g.,

Lawson et al. 2023) and with adaptive optics from the

ground (e.g., Esposito et al. 2020). ALMA has opened

up the mm-wave for resolved images of debris disks,

which reveal the locations of the “parent” bodies (which

need be no larger than ∼ a millimeter) whose motion

is dominated by gravity and whose collisions produce

the dust seen at shorter wavelengths (e.g., MacGregor

et al. 2017; Matrà et al. 2019; Booth et al. 2023). All

of these studies provide insights to exoplanetary systems

not accessible by any other means, serving as a powerful

complement to the detection of exoplanets by transits,

radial velocity effects, or even direct imaging.

Despite its iconic status, the Vega disk has been left

behind. The infrared images around Vega have resolu-

tions at best of only ∼ 6′′ (Su et al. 2005; Sibthorpe et al.

2010). Until very recently there was no deep search for

scattered light (but see Wolff et al. 2024), in part be-

cause the face-on aspect of the disk implies low scat-

tering efficiency. The low elevation of Vega seen from

the ALMA site has compromised the image with this

telescope (Matrà et al. 2020); an image with the Large

Millimeter Telescope (LMT) (Marshall et al. 2022) com-

plements the ALMA image, but its resolution is insuffi-

cient for detailed analysis.

MIRI on JWST has a beam area at 25 µm nearly

50 times smaller than the MIPS on Spitzer, changing

the situation dramatically. Many nearby debris disks

can now be imaged well in the infrared. For example,

adopting a typical outer ring radius of 75 au (Hughes

et al. 2018) and a distance of 20 pc, MIRI at 21 µm

has ten diffraction-limited beams across the diameter of

the ring, or ≳ 50 resolution elements inside it. There

are two dozen known debris disks within this distance;

although not all are amenable to detailed observation

(e.g., faint disk emission in contrast to the bright stellar

photosphere in the mid-infrared), the potential is sub-

stantial to achieve resolved images of the warm dust in a

representative sample. The most attractive targets are

Fomalhaut, Vega, and ϵ Eridani, at distances of 7.7, 7.7,

and 3.2 pc respectively, each with very prominent de-

bris disks that are bright at 24 µm (Hughes et al. 2018).

This paper is part of a JWST GTO program (PID 1193)

to image these systems with both NIRCam and MIRI in

detail. The first target was Fomalhaut, with results pub-

lished in Gáspár et al. (2023). Vega is the second target

in our study, with this paper on the MIRI results and

an accompanying one in those with NIRCam (Beichmen

et al., 2024, submitted).

The Vega system is of particular interest to compare

and contrast with the Fomalhaut system, given the sim-

ilarity of the stars, that they are at nearly the same dis-

tance (i.e., the physical resolution on the systems will

be the same) and the general similarity of their debris

disks based on the available observations. Vega is also

of interest because its pole-on orientation results in very

poor limits on planets using the radial velocity technique

(Hurt et al. 2021), so probing the potential effects of

unseen planets on the debris disk may be the best avail-

able way to learn about any planetary system around

the star.

In Section 2, we briefly describe the JWST/MIRI ob-

servations, highlight the necessary steps to produce the

final disk-only images but we defer discussing the de-

tails to Appendix D. The general disk morphology is de-

scribed in Section 3, in a broader context with other rel-

evant, multi-wavelength data obtained previously with

Herschel and ALMA. In Section 4, we detail the disk

properties in terms of the radial distributions of surface

brightness (4.1), temperature and optical depth distri-

bution (4.2), and quantify the dip/gap properties (4.3)

and the potential asymmetric structure (4.4), and then

constrain the properties of the inner few au zone where

the MIRI images cannot directly probe (4.5). We dis-

cuss the insights that the high-resolution MIRI images

can provide for the unseen planets in the Vega system,

particularly focusing on the dust dynamics by balanc-

ing the two competing mechanisms between collisions

and Poynting-Robertson (PR) drag (5.2.2) and high-

lighting the tight constraints in the planet mass for a

PR-dominant disk (5.2.3). A conclusion is given in Sec-

tion 6.

2. OBSERVATIONS AND DATA REDUCTION

Observations of Vega were obtained on August 18,

2023 with the MIRI instrument (Rieke et al. 2015;

Wright et al. 2023) on board JWST (Gardner et al.

2023) as part of the GTO program PID 1193. Three

filters (F2550W, F1550C and F2300C) were used in the

imaging and coronagrapic modes for characterizing the

debris disk structure around Vega with sub-arcsec reso-

lution. To remove the stellar contribution in the data,
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Figure 1. The bottom row shows the three MIRI images of the Vega debris system at the same orientation and field of view.
Slight artifacts from the coronagraph persist in the 15.5 µm image, while it and the 23 µm image have the central region
eliminated by the coronagraphs; the 25.5 µm image is missing the core because of saturation. The millimeter disk emission
detected by ALMA (Matrà et al. 2020) is superimposed as contours on the 25.5 µm image for comparison. The top panel is the
enlarged disk image at 25.5 µm with the major disk features labeled for reference as they are discussed further in this paper.
These features are: (1) the halo, visible at 25.5 µm to a radius of ∼33′′ (∼250 au); (2) the outer disk (Kuiper-belt analog)
extending from ∼10′′ to 22′′ (∼78 to ∼170 au) and the dominant feature in the ALMA image at 1.34 mm; (3) the inner disk
extending from the inner edge of the outer disk to as close as the images penetrate to the star; and (4) the dip in surface
brightness of the inner disk from ∼5′′ to 10′′ (∼40−78 au).
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a PSF reference star, HD 169305, was also observed in

the same modes for PSF subtraction. The raw data were

processed and calibrated with the JWST Science Cali-

bration pipeline (Bushouse et al. 2023) and some custom

tools for the PSF subtraction. Details about the data set

(modes, filters, and integration) are given in Table D2.

Reduction of the data to produce final images, includ-

ing PSF subtraction, required a long series of detailed

and demanding steps. We have captured this procedure

as a reference for future work in Appendix D. The final

products are star-free, disk images shown in Figure 1.

Given the slow degradation of MIRI imaging detector

response at the long wavelengths, we double checked the

current flux calibration using ancillary infrared photom-

etry obtained for the whole Vega system as detailed in

Appendix A. We confirm that the flux calibration un-

certainty is within a few % using the JWST Science Cal-

ibration pipeline version 1.12.3 and the reference files of

jwst 1193.pmap. Compared to the infrared photometry

obtained in the apertures that are larger than the field

of view of our MIRI disk images, we also confirm that

the MIRI disk images do not miss any significant level of

low surface brightness emission (see Apendix A.1), but

there is a small amount of missing flux within ≲1′′ from

the star due to the coronagraphic mask of F1550C and

the saturation in the F2550W filter. The missing central

flux was further estimated in Appendix B for both the

F1550C and F2550W images but not F2300C because

of its large inner working angle.

3. GENERAL DISK MORPHOLOGY

The MIRI disk images (Figure 1) have a resolution

element of ≲1′′ and the debris emission can be traced

to the edge of the field of view for all the instrumental

modes used. For a better perspective view on the debris

distribution in the millimeter, we also show the ALMA

observations of the cold, outer belt (the 10′′ tapered

image from Matrà et al. 2020) as the overlaid contours

in Figure 1 for comparison.

The F2550W disk image reveals that the emission is

very extended (up to 33′′ at 25.5 µm, i.e., ≳250 au

from the star), azimuthally smooth and axis-symmetric.

There is only a weak inflection near the position of the

inner edge of the cold outer belt. The most noticeable

feature in this image is the dip/gap-like structure at ∼8′′

(∼60 au) away from the star. The dip/gap is also visi-

ble in the F2300C image but is much less pronounced at

F1550C. The properties of the dip will be discussed in

Section 4.3. Unlike all three MIRI images, the ALMA

results (particularly the high-resolution radial profile)

show no significant levels of millimeter emission interior

Table 1. 25 µm disk surface brightness contour fits

contour level a e i

(MJy/sr) (′′/ au) (◦)

316 3.4 / 25.8 0.00024±0.033 7◦±3◦

100 6.4 / 49.1 0.00014±0.011 8◦±1◦

10 18.8 / 144 0.0018±0.0002 9◦±0.2◦

5 21.8 / 168 0.0021±0.0002 11◦±0.1◦

a: semi-major axis, e: eccentricity, and i: inclination.

to the outer broad belt, which extends from 9.′′6 to 22.′′2

in radius and peaks at 15.′′3 (Matrà et al. 2020).

To quantify how circular the disk emission appears to

be, four different levels of contours on the F2550W disk

image were selected for the orbital fitting similar to what

has been done for the MIRI Fomalhaut data (Gáspár

et al. 2023). These four contours represent disk radii of

3.′′4 (region in the inner disk), 6.′′4 (region near the inner

edge of the dip/gap), 18′′ (region near the peak of the

1.34 mm disk emission), to 22′′ (at the outer radius of

the 1.34 mm disk emission). The results are reported

in Table 1. The disk is truly circular with eccentric-

ity e ≲0.002. In addition, no offset between star and

disk was found during the sub-pixel shifting in the PSF

subtraction during data reduction. Taking the outer ec-

centricity of ∼0.002 at face value, the inclination of the

disk is i ∼ 7◦−11◦. Given a stellar inclination of 6.2◦

determined from the ground-based, optical interferomet-

ric data (Monnier et al. 2012), it appears that the disk

is closely perpendicular to the stellar rotational axis, a

phenomenon that is found in ∼80% of the debris disks

(Hurt & MacGregor 2023).

Not only is the disk very circular in the mid-infrared,

but in Section 4.4 we also show that the disk is very

azimuthally symmetric. This means that the disk radial

profiles lose very little spatial information, and we can

enhance the signal-to-noise as well as making features

stand out more clearly by radial averaging. A similar

approach has been taken by Matrà et al. (2020) to show

a high resolution profile at 1.34 mm, with an averaged

beam width of 1.′′35, i.e., similar in resolution to our

MIRI images. Much of the rest of this paper will there-

fore be based on radial profile analysis.

It is interesting to compare the Vega disk with that of

Fomalhaut: the two stars are of similar spectral type, at

virtually identical distances, have luminous debris disks

of very similar spectral energy distributions (SEDs),

which were interpreted as indicating very similar debris

disk structures on the basis of Spitzer and Herschel ∼6′′

images (Su et al. 2013). Well resolved MIRI images de-

stroy this simple picture (see Gáspár et al. (2023) for

Fomalhaut). Both disks have significant mid-infrared



5

1 10 100
radius (arcsec)

10-3

10-2

10-1

100

101

102

su
fa

ce
 b

ri
gh

tn
es

s 
(m

Jy
/a

rc
se

c2 )

1 10 100
radius from the star (au)

F1550C

F2300C

F2550W

PACS70

inner disk outer disk disk halo

Figure 2. Vega disk surface-brightness radial profiles ob-
served at four different wavelengths, F1550C (15.5 µm),
F2300C (23 µm) and F2550W (25.5 µm) from JWST, and
PACS70 (70 µm) using Herschel, that are well described as
broken power laws (i.e., linear behaviors in log-log plot). The
shading shows radial zones of different optical depth (see Fig-
ure 3).

emission from inside of their outer planetesimal belt, but

for Fomalhaut this mid-infrared emission is highly struc-

tured whereas in Vega it is very smooth. The Fomalhaut

disk is clearly offset from the star; the Vega system is

well-centered. The outer planetesimal belt around Fo-

malhaut is narrow (a width of ∼13.5 au, MacGregor

et al. 2017), whereas for Vega it is very broad, ∼70 au

(Matrà et al. 2020). Comparing these systems is thus a

fascinating exercise not only in understanding each one,

but in probing the degeneracies in SED modeling.

In summary, JWST’s superior resolution and sensi-

tivity resolve the inner debris emission around Vega and

reveal a dip/gap structure at ∼60 au for the first time.

The details revealed by the MIRI images support much

more insightful models than were possible previously.

4. ANALYSIS

4.1. Radial Profile of the Disk

Given the face-on disk geometry and azimuthal sym-

metry, we use the radial profile1 to further characterize

the disk radial structure. For the purpose of characteriz-

ing multi-wavelength disk emission, we also include the

70 µm disk radial profile published by Su et al. (2013)

(at a resolution element of 6′′) for the analysis. Figure

2 shows the multi-band, disk radial surface brightness

1 Azimuthally average radial profiles are computed at a series of
concentric rings with a width of 2 pixels (∼0.′′22) centered at the
star. The disk brightness is the average value of all the pixels
that fall in each ring, and the measurement error at each radius
is the standard deviation of all pixels in that ring, divided by the
square root of the number of pixels in the ring.

profiles, which are the product of the vertical optical

depth (τ⊥, purely geometrical) and the dust tempera-

tures (Td) manifest in the Planck function (Bν(Td)) for

a face-on, optically thin debris system. The disk ra-

dial profiles can be best described as broken power-laws

(i.e., linear lines in a log-log plot) for regions that are

well resolved outside a few arcsec for MIRI wavelengths

and ∼10′′ for PACS70). It is interesting to note that

at a given wavelength the Planck function behaves like

broken power laws for a given radial temperature distri-

bution (Td ∼ r−0.5 for blackbody-like grains), i.e., the

power-law indices between the inner and outer radial re-

gions (or the slopes in a log-log plot such as Figure 2)

are different. The slope depends sensitively on the ob-

served wavelength and drops much faster in the outer

region compared to the inner one for a fixed wavelength

and temperature distribution. The transition between

the broken power laws is also wavelength dependent,

i.e., transitioning at larger radial locations for longer

wavelengths as illustrated in Figure 2. In other words,

the wavelength-dependent radial profiles such as the one

shown in Figure 2 are encoded with information about a

debris system’s dust temperature distribution and ver-

tical optical depth.

4.2. Disk Temperature and Optical-depth Distributions

Consequently, we will use the multi-wavelength disk

surface brightness profiles (Figure 2) to determine the

bulk properties of the disk emission, i.e., the radial dis-

tribution of the dust temperature and the integrated ver-

tical optical depth, under the assumptions of (1) uniform

grain properties (size distribution and composition) at

all disk location, (2) the disk being face on, and (3) op-

tically thin. We use the color temperature derived from

the flux ratio of two wavelengths as the proxy for the

dust temperature. The temperature uncertainty is di-

rectly translated from the error of the observed disk flux

in the radial profile (i.e., larger uncertainty for a small

radius annulus), which is ∼2–4 K inside 6′′ while ≲1 K

outside. Considering the coronagraphic inner working

angle, the resolution and the field of view, the dust tem-

peratures are derived in two different regions. For the

inner ∼10′′ region, the flux ratio between MIRI F1550C

and F2550W was used, while for the outer (≳10′′ re-

gion), the flux ratio between MIRI F2550W and PACS70

was used. The derived color temperatures are shown in

the upper panel of Figure 3. Given the different spatial

resolution between JWST and Herschel (0.′′8 at 25.5 µm

vs. 6′′ at 70 µm), the flux ratio inside ∼6′′ is greatly

affected by the Herschel PSF, therefore not truly rep-

resentative; outside that range, the dust temperatures

estimated from F2550W and PACS70 join nicely with
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Figure 3. Upper panel: disk color-temperature radial
profile derived from the flux ratio of two observed bands
(red color using F1550C and F2550W, and blue color using
F2550W and PACS70). The spatial resolutions of MIRI and
PACS are shown as horizontal bars for reference. Due to
the different resolution, limited field of view and flux cal-
ibration uncertainty at different bands, the solid lines are
the adopted dust temperature profile for the Vega system
for the radial range of 1′′−33′′, and an r−0.5 extrapolation
(green dot-dashed line) outside that range. Bottom panel:
disk optical-depth radial profile derived from the color tem-
peratures (upper panel), which was used to define several
major radial zones (color shaded regions) as detailed in Sec-
tion 4.2.

the ones estimated from F1550C and F2550W if the for-

mer is offset by 3 K (upper panel of Figure 3). The

uncertainty in the absolute flux calibration across dif-

ferent observatories can easily explain this small offset.

Limited by the field of view of the F2550W data, the

color temperature outside ∼33′′ cannot be determined;

the dust temperatures outside that range are extrapo-

lated as Td ∼ r−0.5.

For optically thin debris systems, the overall debris

dust temperatures are usually estimated using a sys-

tem’s SED where the dominant component can be iden-

tified. For example, a distinct two-component disk

structure was inferred for the Vega system based on its

global SED and low-resolution far-infrared disk images

(Su et al. 2013). The multi-wavelength resolved disk im-

ages provide a substantial improvement: we have been

able to determine the bulk dust temperature distribution

in the radial range of 1′′−60′′ (∼8−500 au).

The vertical optical depth distribution, τ⊥(r), can

then be determined by adopting the derived dust tem-

perature distribution under the optically thin assump-

tion (Fν ∼ τ⊥ · Bν(Td)). To be conservative, we adopt

a uniform uncertainty of ±3 K in the dust temperature

distribution when calculating the error in the optical

depth as shown in the bottom panel of Figure 3. The

maximum optical depth in the Vega system is ∼2×10−5

in the outer disk, further validating the optically thin

assumption.

Using the optical depth distribution, we define several

major radial zones as follows. The outer disk (or cold

planetesimal belt) defined as r ∼10′′−22′′ (∼78−170 au)

directly corresponds to the broad, Kuiper-belt analog

observed by ALMA (Matrà et al. 2020). Outside the

cold planetesimal belt lies the disk halo, a surprise dis-

covery from Spitzer (Su et al. 2005). The inner disk

defined as r ≲4′′ is occupied by warm debris emission

predominantly at Td ∼140−170 K (i.e., the inner warm

component as suggested by Su et al. 2013). The tran-

sition between the inner and outer disk is where the

dip/gap is located in the MIRI images. The detection

of the outer disk in the millimeter wavelengths (Hughes

et al. 2012; Matrà et al. 2020; Marshall et al. 2022) shows

it has a large population of mm-size grains. It is likely

to be a dynamically active planetesimal belt that pro-

duces µm-size grains through collisional cascades. Un-

fortunately, current millimeter observations do not have

enough sensitivity and resolution to detect the presence

of mm-size grains in the inner disk (Matrà et al. 2020;

Chávez Dagostino et al. 2023). Note that even with

deep ALMA observations no inner millimeter emission

is detected in Fomalhaut either (Su et al. 2016; Chittidi

et al. 2024), which is subject to future investigation. The

nature of the inner disk and the transition region is rela-

tively unexplored, and we will discuss different scenarios

in Section 5.

4.3. The Dip Properties

In addition to the very circular, smooth disk mor-

phology, the dark gap (i.e., a dip in the disk surface

brightness) is the most noticeable feature in the MIRI

Vega disk images. The upper panel of Figure 4 shows

the zoom-in disk surface brightness near the dip area

along with the model power-law profile that fits the disk

brightness well before (closer to the star) and after (fur-
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ther from the star) the dip. Using the model power

law, the dip profile (observed divided by the model)

is shown in the bottom panel of Figure 4. The depth

of the dip (flux deficit) is larger at longer wavelengths,

reaching ∼20% at 59 au in the F2550W filter but only

∼5% in the F1550C filter. The width of the dip (defined

as the FWHM) is ∼20 au at 25.5 µm and shows simi-

lar wavelength-dependent behavior (i.e., wider at longer

wavelengths). The dip profiles also show tentatively

asymmetric behavior before and after the deepest flux

deficit: the far side of the dip profile is slightly shallower

(i.e., less flux deficit, see the green line in the bottom

panel of Figure 4). We also searched for the dip in the

Herschel 70 µm image; unfortunately, the poor resolu-

tion (6′′) would not allow any meaningful constraint.

4.4. Quantifying Disk Asymmetric Structure

To search for (and constrain) the potential disk asym-

metric structure, we constructed the disk azimuthal pro-

files at several disk radii. An annular width of 10 pixels

(similar to the MIRI spatial resolution, 1.′′1 ∼9 au at

the distance of Vega) and azimuthal segments of 20◦

were used to calculate the disk average value and stan-

dard deviation in each of the azimuthal segments along

the disk circumference. The calculation was performed

using two “enhanced” disk images at 25.5 µm by tak-

ing out the axisymmetric, broken-power-law trend. The

first one is the residual disk flux obtained by subtract-

ing the median value at each of the radii (left panel of

Figure 5), and the second one is the ratio between the

observed and broken power-law models (right panel of

Figure 5).

A handful of radial locations, from inner region

(r=25.5 and 34 au), dip/gap (r=59 au), to outer disk

(r=106 au) and disk halo (r=153 au), were used for the

assessment. At large radii (outer disk and disk halo re-

gion), there is no azimuthal asymmetry in the residual

flux, i.e., flat within the uncertainty. Closer to the star

(inner disk), the residual flux appears to show two az-

imuthal regions with large negative fluxes at position

angles (P.A.) of ∼70◦−130◦ and ∼250◦−310◦. Unfor-

tunately, these azimuthal regions are along the PSF

diffraction spikes2 (i.e., the uncertainties in these regions

are much larger). Similar azimuthal behavior is also

seen in the dip/gap region (although less pronounced

compared to the inner ones). A similar behavior is also

seen in the flux ratio map (left panel of Figure 5), which

suggests the current F2550W disk image can rule out

(at the 3 σ level) any azimuthal brightness asymmetry

>10% near the dip/gap area. The lack of azimuthal

structures is of interest since they are often signposts

for the presence of planets (see Section 5.2).

4.5. Constraints on the Inner Zones of the Vega Disk

4.5.1. The hot excess

Interferometric measurements at 2 µm show a hot ex-

cess at ∼1.3 % above the stellar photosphere (Absil et al.

2006). As shown in Figure 6, measurements of this com-

ponent follow a ν2.8 spectral shape well up to ∼10 µm

(ν is frequency). That is, they fall more steeply than

2 JWST PSF has six prominent diffraction spikes that separate
by ∼30◦. The combination of the PSF structure and the two
observations taken with ∼10◦ sky rotation leaves the imprint of
very bright star along these azimuthal regions.
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Figure 5. Azimuthal disk brightness distribution in the “enhanced” F2550W disk image estimated by two metrics: the left
panel as the residual flux by subtracting the median value at each of the radii, and the right panel as the ratio between the
observed and broken power-law models. An annular width of 10 pixels (1.′′1 ∼ resolution) and azimuthal segments of 20◦ are
used for the computation (details see Section 4.4). The red points with a connected line represent the gap area while the blue
points represent the outer disk.

Rayleigh Jeans, which goes as ν2. This suggests that

the hot excess contributes negligibly to the MIRI data

presented here. To produce a hot spectrum bluer than

Rayleigh Jeans, the emitting dust needs to be confined

to very close to the star (close to or within the dust

sublimation radius, ∼0.2 au as suggested by Su et al.

2013 and Rieke et al. 2016) and be dominated by small

and very refractory grains like graphite and Fe and Mg

oxides, as verified in detail by Myrvang et al. (2018).

4.5.2. The warm excess

We now turn to the disk outside of 0.2 au but within

a few au of the star. Limited by the coronagraphic inner

working angles (0.′′49 at F1550C and 2.′′16 at F2300C)

and the saturation at the core (≲1′′) of the F2550W

data, we cannot directly determine the disk structure

inside these boundaries from the disk images. Here we

provide two metrics for estimating this inner edge of the

disk emission and show that it cannot be smaller than

∼3 au from the star. This puts it physically separated

from the hot excess component detected by near-infrared

interferometric measurements, and also puts it well out-

side the sublimation radius for typical dust grains (e.g.,

of astrosilicates).

The first metric relies on infrared photometry to de-

termine the level of infrared excesses by taking the aper-

ture sizes and observed wavelengths into account. This

also includes recalibrating Vega’s photospheric emission

relative to Sirius (a proposed standard in absolute flux

calibration) so that the accurate level of infrared excess

can be used to characterize the emission properties like

spectral slope, dust temperatures and location. We de-

tail the photometry used in this exercise in Appendix A.

Figure 6 gives an overview of these excess measurements

as tabulated in Table A1. Although many of the photo-

metric measurements were obtained with apertures that

are large enough to include the outer disk (Td ∼60−80K

as shown in Figure 3), we show in Appendix B.1 that

measurements at wavelengths of ∼10−20 µm have very

little contribution from the cold, outer disk. The red

dots in Figure 6 probe the debris emission with dust

temperatures of 130−170 K, consistent with the warm

emission from the inner disk (1′′≲ r ≲4′′, revealed by

MIRI as illustrated in Figure 3). Figure 6 also shows

that an even warmer (∼250 K) dust emission might be

present in the warm debris, but cannot be the dominant

component. A series of SED models were built based

on the collected infrared photometry and showed that

the inner disk edge needs to be beyond 1 au (details see

Appendix B.1).

The second metric is more demanding, and is based on

modeling the radial profiles. This metric utilizes a for-

ward modeling technique with the assumption that the

behavior of the instrumental PSFs is well understood

as detailed in Appendix B.2. Such a forward model-

ing method not only can constrain the inner disk struc-

ture, but also can provide an estimate of the missing

flux within the coronagraphic masks and the saturated

core in the MIRI data as briefly summarized below.

We fit the F1550C and F2550W radial profiles of the

disk emission using pure, geometric parametric mod-

els. The basic assumption is that the true disk surface

brightness profile inside ∼1′′ follows simple descriptions:

either a point source centered at the star, the same bro-

ken power laws extended inward from the outer part of

the disk profile, or a simple ring-like structure. Because

of the face-on disk geometry, the observed profile would



9

1 10 100
wavelength (µm)

10−2

10−1

100

101

102

103

fl
u

x
 d

en
si

ty
 (

Jy
)

Star

ν2.8

ν2

170 K

130 K

50 K

photometry for hot excess

photometry for warm excess
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be the true model surface brightness profile convolved

with the instrumental PSF (i.e., no assumption regard-

ing the grain properties). Details about the computa-

tion/fit are given in Appendix B.2. We find that the ex-

cess emission cannot be a simple, unresolved (by MIRI)

point source centered at the star because it would cre-

ate observable PSF structure near the region of the first

bright Airy ring of the PSF (at radii of ∼1′′−1.′′5). An

inner cut-off for the disk emission at MIRI wavelengths

is necessary, consistent with the first metric (i.e., the

hot and warm excesses are physically separated). The

power-law models suggest that the inner edge of the disk

cannot be smaller than 0.′′3 nor larger than 0.′′7, i.e., the

inner cut-off needs to be in the range of ∼2−5 au from

the star. Combining with the parameter search in both

F1550C and F2550W data, it seems that either a ring

at ∼4–5 au or a power-law disk with a similar cut-off is

consistent with the data, and a total flux of ∼0.14 Jy

at 15.5 µm, and ∼0.4 Jy at 25.5 µm for such structures

best describes the observed profiles.

5. DISCUSSION – WHERE ARE THE PLANETS?

5.1. Direct planet searches

Given the proximity of Vega, it has been the sub-

ject of many direct searches for planets. Meshkat et al.

(2018) searched with a coronagraphic integral field spec-

trograph and extreme AO system between 0.′′5 and 2′′

(i.e., about 4 au to 15 au). They achieved 5 σ limits

equivalent to 20−30 MJup, with no detection. Beichman

et al. (2024) used the JWST/NIRCam coronagraph to

perform the deepest search for planets in Vega. Between

5′′ and 30′′ (about ∼40 au to 200 au) their detection
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limit is ≤0.5 MJup while at 2′′ it is ≤ 2 MJup assum-

ing an age of 700 Myr, again with no detection. Hurt

et al. (2021) summarize a decade of radial velocity (RV)

measurements on Vega. The pole-on orientation of the

system is unfavorable for the RV technique except for

exoplanets with orbits significantly inclined relative to

the stellar rotation. They estimate that the RV method

loses sensitivity beyond ∼6 au but it would appear to

exclude Jovian planets out to this radius. Finally, they

searched for planetary transits using the TESS data but

found none, not surprising given the pole-on inclination

of the star. In summary, it is likely that there are no

Jovian mass planets orbiting Vega (with the possible ex-

ception of a radial velocity candidate very close to the

star, Hurt et al. 2021).

5.2. Indirect planet search via debris disks

Since the discovery of circumstellar debris disks, the

distribution of the dust structures has been recognized

as a pathfinder to detect exoplanets indirectly. The in-

terest in this approach is that it is sensitive to planets

down to Neptune masses (Liou & Zook 1999) and even

significantly below (Stark & Kuchner 2008). There are

many features of debris disks that are often attributed

to planets within them, e.g, disk warps, sharp edges,

gaps, clumps, scale height features, center offsets, and

azimuthal asymmetries. Of these, the last two are the

most reliable to infer unseen planet properties (Dong

et al. 2020).

There are many numerical simulations that aim to

predict the observable disk structure under the influ-

ence of planets in more detail. Many works mostly focus

on the mean motion resonances (MMRs) (e.g., Ozernoy

et al. 2000; Deller & Maddison 2005; Reche et al. 2008;

Tabeshian & Wiegert 2016; Regály et al. 2018) while

some focus on the disk radial structure and the sharp-

ness of shepherded edges (Chiang et al. 2009; Pearce

et al. 2024) linked to planets interior and/or exterior to

the observed structures. Most of these N-body studies

have modeled the disk as an ensemble of particles only

under gravitational forces; therefore, they are directly

applicable to the observations that trace large, mm- to

cm-size grains and have been systematically applied to

the ALMA resolved disk images (Pearce et al. 2022).

However, applying these simulations to the infrared

resolved disk images is not straightforward due to the

extremely large dynamical range of particle sizes (∼103

between grains and pebbles and ∼106 between pebbles

and planetesimals) in the disk where observations only

probe a limited range of sizes (acrit) at a given wave-

length (λcrit ∼ 2πacrit, Backman & Paresce 1993). Small

grains are sensitive to non-gravitational forces (stellar

radiation pressure and winds, and drag forces like PR

and stellar wind drag), and their dynamics are signifi-

cantly altered, often beyond the effects of gravitational

potential of the planet (Moro-Mart́ın & Malhotra 2002).

However, the greatly improved thermal infrared images

of the Vega disk reported in this paper allow a much

deeper search for indirect evidence of planets than was

possible previously. Given the small size of the grains

emitting prominently at mid-infrared, the models need

to include not only gravitational forces but also the non-

gravitational forces such as PR and stellar wind drag

and radiation pressure for grains larger than the blow-

out size.

In the following subsections, we first discuss the indi-

rect evidence and constraints for the presence of planets

using the well-resolved, high quality of the MIRI disk

images, and also the potential for an inner planet or

other alternative explanations to be responsible for the

structure inside the region where our MIRI images can-

not directly probe (within the saturation core and the

coronagraphic mask, Section 5.2.5). For the first part,

in Section 5.2.1 we explore the unseen planet properties

by assuming the dip presents a physical gap in a very ex-

tended distribution of planetesimals. Our simple, quali-

tative assessment argues against any Saturn-mass plan-

ets orbiting Vega outside of about 10 au. We then ex-

plore the possibility that the Vega’s inner disk emission

could be dominated by the dragged-in grains interior to

an outer Kuiper-belt-like belt (Section 5.2.2). In Section

5.2.3, we investigate to what degree an unseen planet

in this region would create detectable deviations in the

drag-dominant inner disk (Section 5.2.3), and show that

a planet of much lower mass than half Saturn would still

create readily detectable perturbations in the debris sys-

tem. The shallower gap is consistent with the presence

of a few Earth masses in the drag-dominated disk.

5.2.1. Qualitative Constraints on a gap-opening planet

As discussed by Matrà et al. (2020), the current

ALMA observation is not sufficiently deep to confirm or

rule out mm emission for the warm debris in the Vega

system, while the far-infrared images from Herschel lack

necessary resolution to push the limit on such emission

further. In other words, it is possible that the Vega sys-

tem has an extended planetesimal disk from a few au to

∼100 au, and that the dip/gap is caused by an unseen

planet in the parent-body population as the MIRI 25.5

µm disk image apparently suggests.

Under this assumption, we can put some qualitative

constraints using the global disk properties and that of

the dip/gap observed by MIRI. First, the entire disk is

extremely circular and the center of the disk circum-
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ference is at the star position within the instrumental

pixel (0.′′11 ∼1 au scale). Millimeter observations ob-

tained by both single dish and interferometer show no

evidence of clumpy structure in the cold disk for scales as

small as 1.′′35 (∼10 au across) and as large as a few 10s′′

(Marshall et al. 2022; Matrà et al. 2020). Furthermore,

ALMA data show no detectable offset (∆a ∼10 au) be-

tween the star and the center of the cold broad belt,

a typical signpost for an eccentric shepherding planet.

All the evidence suggest the planet that maintains the

inner edge of the broad planetesimal belt needs to have

low (≲0.1) eccentricity. As we discuss the general mass

limits next, we will return to this topic in Section 5.2.3

where we develop an example showing that, in contrast

to the general limits, more stringent limits can be placed

on embedded planets that are in specific interesting lo-

cations.

For a planet on a circular orbit, the most prominent

planet signature is a gap in the disk, which corresponds

to the chaotic unstable zone surrounding the planet

(Wisdom 1980; Morrison & Malhotra 2015), where the

width of the chaotic zone is a function of the planet-

to-star mass ratio and the semi-major distance of the

planet from the star. Taking the width (∼20 au) of the

dip/gap from Section 4.3 at face value, an ∼1.6MJ mass

planet at the location of the dip (∼59 au from the star)

would be responsible for the wide gap. This is contrary

to our mass limits for planetary objects in the system

(see Section 5.1). Not only should such Jovian planets

have been detected by the JWST NIRCam observation

(Beichman et al. 2024), but also they would have cre-

ated two stable co-rotating resonance structures inside

the gap while no detectable azimuthal structure is seen

(Section 4.4)3. Since the properties of the dip/gap are

derived in the mid-infrared, one might argue that the

true width of the gap might be narrower for mm-cm-

size grains. Assuming a width of ∼10 au, a half Saturn

mass planet is required, which is right at the current de-

tection limit (Beichman et al. 2024). A recent study by

Friebe et al. (2022) argues that the same width of the

gap can be carved by either a massive, barely migrating

planet or low-mass, migrating planet with a very differ-

ent dynamical state of the resulting planetesimal disk.

In the latter case, the planetesimal disk is expected to be

highly stirred and possesses a scattered disk component

(i.e., fuzzy edge and weak/non-existing Trojans). It is

interesting to note the low-mass, migrating planet case

is consistent with the broad (∆r/r ∼ 0.56), outer plan-

3 The 1:1 MMR Trojan population is expected to be the most
prominent feature for planets with low (0–0.1) eccentricity
(Regály et al. 2018).

etesimal belt detected by ALMA (Matrà et al. 2020) and

the bright disk halo indicative of high collision rate in

the planetesimal population (Su et al. 2005; Wolff et al.

2024).

Broad shallow gaps can also be created away from the

orbit of a planet by MMRs (Tabeshian & Wiegert 2016).

Assuming the shallow dip/gap at ∼60 au is opened by a

planet’s 2:1 MMR as modelled by Tabeshian & Wiegert

(2016), the most likely location of the perturbing, low-

eccentricity planet would be at ∼95 au for creating an

interior gap, or ∼38 au for creating an exterior one, al-

though in both cases general asymmetries in the gap are

also predicted that are not reflected in the Vega disk.

In addition to the caveat described before, perhaps

the largest shortcoming in these numerical simulations

(and application to observations) is neglecting collisions.

Thebault et al. (2012) explored further different planet

configuration (mass and eccentricity) and collisional lev-

els including proper treatment of radiation pressure.

They concluded that collisions always significantly damp

planet-induced spatial structures (termed “blurring ef-

fect”), but the gap should remain detectable in face-on

orientation (like Vega) if the planet mass is larger than

Saturn mass in a collisionally active system (τ ∼ 10−3).

The Vega disk, being a lower optical depth system,

should experience less blurring effect, pushing the planet

mass limit even lower, i.e., sub-Saturn mass. Based on

these qualitative comparisons and the assumption of an

extended planetesimal disk, the upper limit in the mass

of single planet that could be responsible for the features

detected in the Vega system is below the Saturn mass

and at low (e <0.1) eccentricity.

Lastly, the mass of planetesimals might also impact

the observable planet-induced structures (Sefilian et al.

2023). Using the observed dust mass derived from the

sub-mm and mm observations (Hughes et al. 2012; Hol-

land et al. 2017; Marshall et al. 2022), the planetesi-

mal mass is in the range of ∼10–30 M⊕ (0.5–2 Nep-

tune masses) if extrapolating to 10–100 km-size plan-

etesimals using the nominal Dohnanyi size distribution

(a−3.5, Dohnanyi 1969). Therefore, for low-mass plan-

ets (a few Neptune masses), the disk gravity might also

affect the observed gap properties in the Vega disk. Fu-

ture investigation including all observed properties and

proper treatment of the collisions, particularly in an ex-

tended planetesimal disk configuration, is needed to put

tighter constraints on the mass of the planet that might

be responsible for the observed disk features.

5.2.2. Dust transport to the inner disk regions

To go beyond these general considerations, we need

to understand the dust transport within the disk. In
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the absence of giant planets in the solar system, Liou

& Zook (1999) pointed out that the column density of

the interplanetary dust particles (IDPs) would be con-

stant interior to the Kuiper belt, under the influence

of PR and stellar wind drag alone. Even for a col-

lision dominated planetesimal belt, detailed numerical

calculations including self-consistent treatments of colli-

sions and drag forces do show that the small amount of

dragged-in grains could be the most prominent feature

in the mid-infrared interior to a collisionally-dominated

planetesimal belt (Löhne et al. 2017). The smoothness

and filled-in structure of the Vega disk suggest a drag-

dominated disk. It is also interesting to note that a

dip/gap structure might be present near the inner edge

of the belt due to the strong temperature effects in the

mid-infrared (see Figure 13 in Löhne et al. 2017). In

other words, these disk features revealed by our JWST

observations might originate from a PR-dominated phe-

nomenon.

In this subsection, we present preliminary models to

help understand the dominant physical effects that de-

termine the location and distribution of the dust parti-

cles we observe at the MIRI wavelengths inwards of ∼90

au. Although collisions typically dominate the grain

evolution and dynamics in relatively high density re-

gions, i.e., the peak of the mm disk emission (∼118

au Matrà et al. 2020), at radii inside the planetesimal

belt where the optical depth drops (see Figure 3), PR

drag will become important. To address the tradeoff,

we will model the hypothesized parent-body planetesi-

mals at the inner edge of the planetesimal belt and cal-

culate the grain population within which particles will

migrate into the inner zone by balancing the collisional

and PR timescales, then follow their evolution into the

star. Throughout the discussion, we use a parameter

called β denoting the ratio of radiation pressure to grav-

ity (Burns et al. 1979). The β value depends on grain

size, shape, composition and star type, with smaller

grains generally having larger β values. We show that

this model can create a surface brightness distribution

very similar in radial behavior and symmetry to that

observed at 25.5 µm. The discussion below provides a

summary with details provided in Appendix C.

We use our dynamical numerical code DiskDyn4 to es-

timate the dust distribution between 69 and 85 au where

the derived optical depth decreases inward. Beyond this

region (the main planetesimal belt and disk halo), the

dust distribution is significantly altered by collisions and

radiation pressure, i.e., sensitive to the initial conditions

4 https://github.com/merope82/DiskDyn
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√
r, which is ∼10% different in

this narrow model region.

that require constraints from all available data. We ana-

lytically estimate the collisional timescale for the “small-

est” dust particles not affected by the removal of radi-

ation pressure (i.e., β= 0.5) in the narrow 69−85 au

model region by matching the current observed 25.5 µm

flux (∼0.17 Jy). This approach is valid because mid-

infrared emission probes the small, µm-size end of the

particle size distribution. With the adopted properties

in the collision swarm (details see Section C), we found

that the collisional timescale of the β = 0.5 grains is

∼0.5 Myr within the model region, assuming a swarm

collisional velocity of ∼10% of the local Keplerian veloc-

ity. In order to calculate the emitting flux, a fixed dust

composition and grain size distribution for the particle

swarm are adopted (details see Appendix C). Because

these grains with β close to 0.5 are the dominant emit-

ters in the mid-infrared wavelengths, the estimated col-

lisional timescales only weakly depend on the dust com-

position (for typical steep dust size distributions, i.e., a

power law index of ∼ −3.5). Larger particles generally

have longer collisional timescales for two reasons: (1)

lower particle density in a cascade system and (2) the

threshold for particle sizes that can efficiently destroy

them is also larger. For β = 0.1 grains, the correspond-

ing collisional timescale is ∼0.73 Myr within the model

region.

We can now compare the estimated collisional

timescale to the PR drag timescale within the model

region. The time for PR drag to transport a particle

from an outer (Rout) to an inner (Rin) location can be
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F2550W Obs No Planet Mpl = 1 M⊕ Mpl = 6 M⊕

Figure 8. The model 25.5 µm disk morphology at 2 Myr for a PR dominated disk, compared to the observed Vega F2550W
image (first panel), all in the same display scale. The second panel assumes no planet (details see Section 5.2.2), while the third
and fourth panels assume a 1 and 6 M⊕ mass planet at 65 au (marked by white circles), respectively (details see Section 5.2.3).
The models do not include the entire outer planetesimal disk and halo, hence the difference with the observed images at large
radii.

expressed as (Burns et al. 1979)

tPR(a) = − c

4GM∗β(a)

(
R2

in −R2
out

)
, (1)

where c is the speed of light and G is the gravitational

constant. For a β = 0.5 dust particle transported to the

inner radius of 69 au within its collisional timescale, Rout

is ∼78 au (assuming M∗ = 2.135M⊙). Figure 7 shows

the estimated PR timescale for two different β (i.e., size)

values. Larger particles will also be able to traverse to

the inner edge of the disk, although from closer regions.

For example, the β =0.1 particles can migrate to 69

au from ∼72 au within their collisional timescale. It

appears that the PR timescales are comparable to (or

marginally shorter than) the collisional timescales for

particles with β ∼0.1−0.5 as shown in Figure 7. In

other words, the dust dynamics inside the model region

(∼69 au) are dominated by the PR drag.

We now model the resulting surface brightness of the

disk image at 25.5 µm assuming that particles reach-

ing the inner edge of 69 au will migrate inward un-

der PR drag, unimpeded by collisions. In this model,

particles are neither being continuously produced in the

model planetesimal belt nor are they collisionally inter-

acting (i.e., the model disk flux inside the model plan-

etesimal belt will drop with time). A complete colli-

sional/dynamical simulation for the entire system would

be computationally prohibitive and outside the scope

of this paper. Using the DiskDyn code with the same

setup as earlier, we now simulate the system to evolve in

time. Particles traverse inward with velocities roughly

inversely proportional to their β values. Our simulation

included realistic accelerations for different grain sizes

and evolved the dynamical integrations with a numer-

ical integrator. For example, it takes ∼1.8 Myr for β

= 0.5 grains to reach the inner ∼au region from 69 au,

just ∼3 times longer than it took to travel from 78 to

69 au. We ran dynamical simulations up to 4 Myr of

evolution to allow larger particles to reach the inner au

region. The model images were convolved with a JWST

F2550W WebbPSF model (Perrin et al. 2014) for mor-

phological comparison inside 85 au. Our simulations do

not include dust sublimation effects (grains are continu-

ously migrating to the star without truncation); there-

fore, the inner core of the model images would appear

centrally peaked once the β = 0.5 grains reach the inner

∼au region. The second panel of Figure 8 shows the

25.5 µm model images after 2 Myr of evolution in com-

parison with the real data (the first panel). Not only

is the morphological agreement excellent between the

unperturbed (no planet), PR dominated disk and the

observation, but also the “dip”, a transition between

the planetesimal belt and the PR-drag dominated disk,

is clearly visible after 2Myr of evolution.

5.2.3. Planetary perturbations in a PR-dominated disk

A planetless PR-dominated disk (as shown in the sec-

ond panel of Figure 8) would have constant and axisym-

metric dust surface density, providing a blank canvas

on which inner planets orbiting Vega can paint pertur-

bations. We illustrate this potential by simulating the

situation suggested by Matrà et al. (2020) where a shep-

herding planet of ≥ 6 M⊕ is invoked to maintain the

inner edge of the observed ALMA planetesimal belt.

Our simulations place a planet at 65 au with masses

of 1, 3, and 6 M⊕. The evolution of the disk mor-

phology up to 4 Myr for these three cases is detailed

in Appendix C. In Figure 8, we compare the observed

JWST/MIRI F2550W image to the 2 Myr snapshots of

the 1 and 6 M⊕ models. Even the 1 M⊕ model shows

small-scale azimuthal enhancements within the dip, with

a deeper overall inflection than the simulation without

a perturber. The 6 M⊕ simulation results in consid-

erable asymmetric structures within the PR-dominated
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disk and a secondary gap at 41 au corresponding to a

2:1 MMR. In addition, the inner edge of the planetesi-

mal belt is disrupted by this planet. This latter model

is clearly inconsistent with our observations.

Addition of collisions to our simulation would tend

to smooth out the structures, but this effect should be

modest for two reasons. First, the face-on aspect of

the disk is optimal for detecting such structures; even

in scattered light (i.e., grain size of sub-microns), where

perturbations due to a Saturn mass planet should be de-

tectable (Thebault et al. 2012). The dominant particle

size for the 25.5 µm emission is >10 times larger, and

much less susceptible to non-gravitational forces, so the

scattered light simulation is consistent with detection of

significantly less massive planets in our image. Second,

for the specific conditions in the Vega disk, the colli-

sional timescale in the inner regions is much longer than

the PR-drag timescale, so collisions would not smooth

out features strongly. Nonetheless, more complete sim-

ulations that include not only grain collisions but also

consider a range of possible orbital configurations are

needed to confirm our result.

Our models raise the question: “If a massive planet

cannot be located within the dip (or nearby), what

shapes the inner edge of the ALMA observed planetesi-

mal belt?” Solving this riddle is the most obvious next

step in understanding the Vega system. One possible

solution is that a planet as small as 1−3 M⊕ may be

able to maintain the inner edge without noticeably dis-

rupting the disk morphology and creating the shallow

gap through collisional blurring effects (Thebault et al.

2012) at the same time. Another, more difficult to as-

sess, is that a past re-arrangement of the Vega planetary

system could have left a previously well shepherded de-

bris belt intact, while also removing the more massive

planet responsible for its architecture. Faramaz et al.

(2017) addressed whether transport from the outer belt

material inward could be achieved with comets released

by interaction with an outer planet. They modeled the

situation with a Jupiter-mass planet on a slightly eccen-

tric orbit at a distance of 185 au (although such a planet

is ruled out by the deep JWST search, Beichman et al.

2024). In this instance, the 5:2 MMR coincides with the

planetesimal belt at 100 au, allowing the MMR to be

the site of a significant flow of comets inward. A mod-

ification of this model with lower planet masses is also

worth exploring.

5.2.4. Summary of indirect evidence for the unseen planets

Assuming the underlying planetary architecture of the

Vega disk is similar to what the mid-infrared disk im-

ages suggest (i.e., an extended inner planetesimal disk

from a few au to ∼100 au), we qualitatively explored the

possibility that the observed dip is caused by one single

gap-opening planet in Section 5.2.1. Given the fact that

there is no detectable offset between the disk center and

the star and the extreme disk circularity, any shepherd-

ing planet needs to have low (≲0.1) eccentricity. Using

the classical chaotic zone argument (e.g., Morrison &

Malhotra 2015) plus the existing predictions for a col-

lisionally active planetesimal disk (e.g., Thebault et al.

2012), a planet with mass higher than the Saturn mass

can be ruled out if the planet locates in the gap at ∼60

au. Our dynamical modeling in the preceding section in-

dicates that the mass limit must be much lower to avoid

imposing detectable structures on the inner disk. Simi-

larly, a shallow gap can be opened by either an internal

or external planet. In such cases, the low-eccentricity

planet is expected to be at ∼38 au or ∼95 au, respec-

tively, if the gap corresponds to the planet’s 2:1 MMR.

If the gap is a result of a migrating planet, the mass

limit can be pushed to even lower values.

In Section 5.2.2, we present the possibility that the

extended inner disk emission originates from a PR-

dominated phenomenon, and explore the potential con-

straints that such a drag-dominanted disk can provide

on the mass of the unseen planets in Section 5.2.3. We

show that the collisional timescales are longer than that

of PR drag for β ≲0.5 particles and that the apparent,

axisymmetric disk morphology with a shallow dip/gap

inside the ALMA detected planetesimal belt can be ex-

plained by either a planetless PR-dominated disk or such

a disk with a planet with masses of ≲3 M⊕ within the

gap.

It is clear that the extreme disk circularity and the

lack of azithmual structures rule out the presence of

Saturn-mass planets in the Vega system despite the na-

ture of the extended, inner disk. Whether the migrating

planet or MMR hypotheses, either in an extended inner

planetesimal disk or a PR-dominanted inner disk (Sec-

tions 5.2.3), or something else that can account for the

dip, explanations have to contend with the fact that the

radial structure is smooth and featureless in the mid-

infrared. This situation makes it clear that sophisticated

modeling will be needed to tease out the driving process

for the structure observed in the Vega system, with-

out predicting additional structures. The largest short-

coming in the current modeling application to observa-

tions is neglecting collisions, which have a significant

impact on the observable, planet-induced structures as

they always significantly damp planet-induced spatial

structures (Kuchner & Stark 2010; Thebault et al. 2012;

Stuber et al. 2023). Future investigation including all

observed properties and proper collision treatment will
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put tighter constraints on the mass of the planet or plan-

ets that might be responsible for the observed disk fea-

tures. Given the high physical resolution and quality of

the MIRI data, the Vega system is ideal for advancing

the theory and pushing the understanding of its plane-

tary system to a higher level.

5.2.5. An inner planet? and alternative explanations

We now direct our attention closer to the star, where

we find that the warm debris must have an inner edge

at ∼ 2−5 au and is unlikely to be directly connected to

the hot excess produced in the sub-au region (Section

4.5). This edge could be maintained by a planet close

to the star. It is interesting to note that decade-long ra-

dial velocity measurements suggest the possibility of a

planet at ∼ 0.045 au with a mass of ∼0.6 MJ if aligned

with the stellar spin (Hurt et al. 2021), which is prob-

ably too close to affect the inner few-au, region even if

it proves to be a real detection. There may be another

planet at 0.85 au with a minimum mass of ∼0.25 MJ ,

ideally suited for the mechanism separating the hot and

warm dust. However, this radial velocity signature can

be linked to the stellar activity where the star’s rota-

tional modulation is clearly detected both in the radial

velocity and TESS photometry, therefore, it is likely to

be spurious (Hurt et al. 2021). Neptune-size planets,

with a mass that would probably be sufficient to shep-

herd the inner edge of the disk, would be undetectable

with current observing techniques, and therefore pro-

vide a possible mechanism to maintain the inner edge of

the PR dominated, inner disk. This hypothetical planet

might be the cause for the increasing optical depth be-

havior inside the 2′′ (15 au) region (see the bottom panel

of Figure 3), which is contrary to the relatively flat dis-

tribution expected from a drag-dominated disk. Further

investigation is needed.

One possible explanation for the extra source of dust

in the inner 2′′ region could be the inward scattering

of exocomets from the planetesimal belt. This might be

driven by a chain of very low-mass planets (Bonsor et al.

2012; Raymond & Bonsor 2014), or by mean-motion res-

onances with far-away exterior planets on moderately

eccentric (ep ≥ 0.1) orbits (Faramaz et al. 2017). The

exocomet scenario also has been suggested to explain

some of the bright exozodi detections from LBTI (Ertel

et al. 2020) in addition to the PR drag (Rigley & Wyatt

2020). As discussed in the previous subsection, the exis-

tence of very low-mass planets in the Vega system can-

not be completely ruled out, but they need to be on very

low eccentricity orbits, and such a tightly packed con-

figuration, indeed, favors higher scattering efficiency of

exocomets (Bonsor et al. 2014). In this case, the optical

depth distribution in the inner region might reflect the

process of comet fragmentation and the subsequent evo-

lution of released dust due to collisions and drag forces

(Rigley & Wyatt 2022).

Another explanation for the centrally peaked optical

depth within 2′′ from the star is the formation of a dust

ring, i.e., pileup of dust due to the interplay of PR drag

and grain sublimation in a drag-dominated system as

proposed by Kobayashi et al. (2009). As a dust grain

drifts close to the sublimation radius under PR drag and

starts to sublimate (i.e., reducing its size from losing

volatile content), the radiation force on the dust grain

becomes stronger and temporarily halts its inward mi-

gration; therefore, a pileup ring (i.e., density enhance-

ment) near the sublimation radius can form (Kobayashi

et al. 2009; van Lieshout et al. 2014). The pileup ring

can form at extended locations, depending on the subli-

mating material, such as lower sublimation temperature

volatiles (different forms of ices) or higher sublimation

temperature refractory materials (such as silicate-like

or carbonaceous minerals), as dust grains would be a

mixture of such materials. However, the derived color

temperatures in the inner 1′′ region (see Figure 3 and

Figure B2) appear to be too high compared to the typ-

ical sublimation temperatures of water ice (Kobayashi

et al. 2011). Further sublimation calculations taking

the detail properties of icy grains (i.e., volatile composi-

tion and the physical structure and conductivity of the

grains) into account might validate the pileup scenario.

If confirmed, no planet (even the very low-mass ones)

would be needed to explain truncated warm debris in

the Vega disk.

6. CONCLUSION

We present sub-arcsec resolution, mid-infrared images

of the planetary debris system around Vega at 15.5,

23, and 25.5 µm obtained with JWST/MIRI. This star,

along with Fomalhaut and ϵ Eri, constitute the three

closest and brightest debris disks and together offer a

unique opportunity to probe complex dust dynamics due

to non-gravitational (radiation pressure, stellar winds,

and associated drags) and gravitational (planetary per-

turbers) effects on debris structures.

With a factor of ∼8 improvement in the spatial reso-

lution over Spitzer, the overall disk morphology around

Vega seen with JWST is surprisingly smooth and ax-

isymmetric in the mid-infrared wavelengths. The disk is

well centered at the star position within 0.2 pixel (≲0.2

au) suggesting an extremely low eccentricity (e ≲0.002)

well constrained, for the first time, from the inner 10

au region up to 100s au. In addition to the extended,

symmetric disk morphology, a broad and shallow flux
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dip/gap at ∼60 au from the star is the most noticeable

feature in the Vega disk images. The width and the

depth of the dip/gap are wavelength dependent – wider

and deeper at longer wavelengths, ∼20 au wide with

20% flux deficit at 25.5 µm. Any azimuthal brightness

asymmetry >10% level can be ruled out at the 3 σ level

near the dip/gap area.

Using the multi-wavelength observations, the distribu-

tion of the dust temperature and vertical optical depth,

the two most important quantities in debris emission,

are directly determined in the radial range of 1′′−60′′

(∼8−500 au) around Vega for the first time. Guided by

the optical depth distribution, we define several major

radial zones in the disk to better understand the na-

ture of debris. The outer disk defined as r ∼10′′−22′′

(∼78−170 au) directly corresponds to the broad, plan-

etesimal belt observed by ALMA where active colli-

sions among leftover planetesimals continuously gener-

ate small dust grains through collisional cascades. Once

the newly generated grains become small enough, Vega’s

intense radiation pressure pushes them either on highly

elliptical or hyperbolic orbits, forming an extended disk

halo up to hundreds of au. The inner disk, which we

roughly defined as r ≲4′′, exhibits an increased optical

depth behavior, in contrast to the transition region (rel-

atively flat) between the outer planetesimal belt and the

inner disk. The dip/gap apparent in all the MIRI images

is found in the transition region, representing the low-

est optical depth area interior to the outer planetesimal

belt.

Despite the unprecedentedly high-quality MIRI im-

ages of the Vega disk, our data cannot directly probe

the innermost 1′′ (≲7 au) region from the star due to

the saturation and the blockage of coronagraphic masks.

Using simple, parametric modeling on the inner disk ra-

dial profiles and well-calibrated infrared photometry for

constraining the inner dust temperatures, an inner edge

at ∼3−5 au is indirectly inferred. This inner edge is

well outside the dust sublimation radius for typical re-

fractory dust compositions and puts it physically sepa-

rated from the sub-au, hot excess component detected

by near-infrared interferometric measurements. The in-

ner boundary of the warm debris might indicate a sub-

Neptune mass planet inside and shepherding this edge.

Debris disk structures have been long recognized as a

pathfinder to detect exoplanets indirectly, particularly

for those below Neptune masses outside the giant planet

zone (10s of au) that RV, transit and direct imaging

planet detection methods are not sensitive. The extreme

circularity and smoothness in the Vega disk morphology

qualitatively indicate that there are no massive Saturn-

mass planets outside 10 au of the star because such plan-

ets are expected to reveal their existence through disk

substructures (offset center from the star and azimuthal

asymmetries). To push the limits further, we present

numerical simulations to model the debris distribution

inside the outer planetesimal belt (inside ∼90 au from

the star). We derive that the rate of collisions should not

be high inside the outer belt. Assuming this is correct,

we show that the debris in the inner region could come

from dust particles that are produced in the outer plan-

etesimal belt and migrate inward under the PR drag. A

flux dip/gap can form near the inner edge of the plan-

etesimal belt due the combination of strong temperature

effects and differential drift rates on grain sizes, without

invoking the presence of a planet. We further explore

to what degree unseen planets in this region would cre-

ate detectable deviations in the drag-dominant disk, and

find that a planet of mass ≳6 M⊕ at a circular orbit of

65 au (as suggested to maintain the inner edge of the

planetesimal belt detected by ALMA) would induce in-

terior asymmetric structures and disrupt the inner edge

of the planetesimal belt. Future investigation includ-

ing all available data and proper collision treatment will

validate the nature of the inner debris emission and put
tighter constrains on the mass of the planet or planets

that might be responsible for the observed disk features.

APPENDIX

A. THE WHOLE VEGA SYSTEM PHOTOMETRY

IN THE MID-INFRARED

A.1. Validating JWST photometry and Calibration

Photometry with a large enough field of view to cap-

ture all the system flux is useful to: (1) provide assur-

ance that the MIRI images captures all the flux, in-

cluding low surface brightness components; and (2) as

a check that the calibration of the JWST data is cor-

rect, given the slow degradation of the signals at this

wavelength occurring when our data were obtained.

We start with the data taken in the ∼25 µm band.

The Infrared Astronomy Satellite (IRAS), with a detec-

tor field of view of 0.′75 × 4.′6 (Beichman et al. 1988), is

one source of measurements. However, the calibration

of these measurements is dated and potentially difficult

to reproduce, so we have generated a new calibration

as follows: (1) we identified early-type stars with no 25

µm excesses (e.g., from WISE) and well measured in the
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IRAS Point Source Catalog, namely Sirius, Procyon, α

Aql, α Gem, and α Leo; (2) we used the Akari 9 µm

measurements of these stars to normalize all of them

to the expected flux from Sirius; (3) we averaged these

predictions of the Sirius flux at 25 µm to reduced the

errors, obtaining 32.9± 0.6 Jy; and (4) we used the rel-

ative fluxes at λ < 9µm for Vega (Rieke et al. 2023) to

determine a photospheric flux of 9.1 Jy for Vega at 25

µm in this system. The IRAS measurement of Vega is

11 Jy, indicating a nominal excess due to the debris sys-

tem of 1.9 Jy. This value needs a bandpass correction

for the large ∆λ of the IRAS filter, which reduces it to

1.77 Jy. Finally, since the IRAS beam does not capture

the entire system, we determined the necessary correc-

tion from synthetic photometry on our F2550W image,

yielding the second entry for IRAS in the table of 1.98

Jy.

A measurement by the Infrared Space Observatory at

25 µm is reported by Laureijs et al. (2002), using a 79′′

aperture. They derive an excess of 1.88 Jy, and their

analysis of the IRAS data yields 1.73 Jy, in good agree-

ment with our value.

Yet another determination can be made from Su et al.

(2005) by integrating the 24 µm radial profile. The flux

from the saturated area at the position of the star needs

to be added. We do so by matching the disk surface

brightness between the MIRI and MIPS profiles at the

radii of ∼18′′-20′′ where the disk is well resolved and the

potential missing inner flux has very little contribution,

resulting in a total flux of 1.9−2.1 Jy in the MIPS 24

µm band.

Finally, integrating the flux in our F2550W image ex-

cluding the region within 1.5′′ that is affected by the sat-

uration yields a total of 1.64 Jy, suggesting that there

is a small amount of missing flux inside the saturated

core. In Appendix B.2, we derive the missing central

flux as ∼0.4 Jy, resulting a total flux of ∼2.0 Jy in the

MIRI F2550W band. Clearly, all of these measurements

for the entire system at 25 µm are in agreement and

they confirm both the calibration of our F2550W image

and that it represents the total flux correctly. In other

words, this comparison also validates the general JWST

flux calibration to be within a few % level.

Similarly, assuming there is no flux within 0.′′5 in the

F1550C disk image, the integrated flux is 0.3 and 0.4

Jy using the apertures of 4′′and 9′′, respectively. These

values are ∼50−70% lower (beyond the flux calibration

uncertainty of ∼10 %) than the large aperture photom-

etry discussed in Appendix A.2. There is also missing

flux in the r ≲1′′ region in the F1550C disk image, which

will be determined in Appendix B.2.

Table A1. Ancillary Infrared Photometry of the Vega System

λc Fν error Ap. Excess error Note/Ref.

µm Jy Jy ′′ Jy Jy

1.65 1034 · · · 0.4 13 6 [1,2,3]

2.16 672 · · · 0.4 8.6 1.3 [4,1,3,5]

3.55 377 4 · · · 3.6 1.7 [3,5]

4.6 170 2 · · · 3.0 1.0 [3,5]

7.8 77.4 1 · · · 0.7 0.6 [3,5]

8.5 53.1 1 0.2 0.28 0.12 a, [6]

9.8 40.3 · · · 12 0.03 0.2 b, [7,8]

10.1 37.9 · · · 3.9 -1.25 0.9 b, [9]

11.1 31.4 · · · 1.23 0.12 0.03 LBTI [10]

12.13 27.62 0.40 ∼18 1.27 0.39 b, MSX [11]

14.65 18.88 0.40 ∼18 0.69 0.27 b, MSX [11]

18 12.87 0.18 ∼7 0.85 0.18 b, AKARI [12]

20 10.37 0.21 3.9 0.62 0.20 b, [8,9]

21.34 10.07 0.3 ∼18 1.48 0.21 b, MSX [11]

24 – – – 1.9 - 2.1 – b, [13]

25 9.06 0.2 23 × 135 1.77 0.2 b, [14]

25 – – 23 × 135 1.98 0.2 b, [15]

25 9.17 0.1 39.5 1.88 0.1 b, [16]

25.5 – – outside 1′′ 1.76 b, [17]

25.5 – – total ∼ 2.0 b, [18]

Reference: [1] Absil et al. 2008, [2] Defrère et al. 2011, [3] Rieke et al.
2023, [4] Absil et al. 2006, [5] Rieke et al. 2022, [6] Mennesson et al.
2014, [7] Walker & Heinrichsen 2000, [8] this work, [9] Tokunaga 1984,
[10] Ertel et al. 2020, [11] Price et al. 2004, [12] Ishihara et al. 2010,
[13] integrated from Su et al. (2005), [14] IRAS, this work, [15] IRAS,
corrected to full system in this work, [16] Laureijs et al. (2002), [17]
integrated from image in Fig. 1, [18] integrated from image in Fig. 1
plus inner model

aLeak measurement converted to flux as in Kirchschlager et al. (2017).

b Excess relative to the sum of the photosphere and any hot excess

A.2. Other Ancillary Infrared Photometry Constraints

on the Inner Excess

There are many past infrared measurements that can

constrain the properties of the hot/warm excess in the

Vega system (some were discussed in Su et al. 2013).

Most historical infrared photometry is calibrated in dif-

ferent filters and standard systems, making it difficult

to synthesize measurements together. Progress has been

made to build a uniform absolute flux calibration sys-

tem by using Sirius as the standard (Rieke et al. 2022;

Su et al. 2022; Rieke et al. 2023). Another caveat for

the measured infrared photometry is the vastly different

aperture sizes used, depending on the telescope sizes and

observing modes that probe different part of the debris

emission as now we have a clear view of the Vega system.

This subsection aims to provide useful constraints on the
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properties of the hot/warm emission by evaluating past

infrared measurements.

The accurate comparison across the infrared of Vega

with Sirius in Rieke et al. (2022), combined with the

absolutely calibrated spectrum of Sirius in Rieke et al.

(2023), has been used to convert the interferometric ex-

cess values at 1.65, 2.2, and 11.1 µm (Defrère et al. 2011;

Absil et al. 2006, 2013; Ertel et al. 2020) into fluxes, as

tabulated in Table A1. For these interferometric mea-

surements, we use the FWHMs of the interferometry

response as the aperture, although they are not exactly

the same thing. The interferometers used for the shorter

wavelength measurements have small inner working an-

gles (Absil et al. 2021), well below the sublimation radii

for plausible dust compositions, so the measurements

should be representative of the integrated signal. The

values at 11.1 µm from the Large Binocular Telescope

Interferometer (LBTI) have a number of caveats. For

example, the inner working angle of the LBTI is ∼0.′′039

(0.3 au at the Vega distance); therefore, it is possible

that the hot component seen at ∼2 µm is inside of this

radius and hence not fully detected. The overall cali-

bration of the transmitted light may also not be highly

accurate because half of the light is suppressed over the

field of view.

Rieke et al. (2022, 2023) also provide an opportunity

to fill in the spectrum of the hot dust emission between

the values from interferometry at 2.2 and 11.1 µm. To

do so, we use the measurement of the hot excess above

the photospheric output at 2.2 µm (Absil et al. 2006,

2013) to determine the bare stellar flux density at this

wavelength and use the SED of Sirius to extrapolate to

the longer wavelength bands. An effective mean spec-

tral type given the temperature distribution over the

surface of Vega (Lipatov & Brandt 2020) is A2V, but

the results are very insensitive to the assigned type be-

cause of the insensitivity of A-star infrared colors at

wavelengths longer than 2 µm. To reduce clutter, we

have averaged the photometry and estimated the net

uncertainties from the rms scatter of the whole suite of

measurements (Rieke et al. 2022). The resulting values

with fiducial wavelengths are provided in the table.

Walker & Heinrichsen (2000) present a spectrum from

5 to 11.5 µm, obtained with ISOPHOT. However, the

slope of this spectrum differs significantly from expecta-

tions for the Rayleigh-Jeans behavior of the star. Their

spectrum of Fomalhaut also differs in slope from the one

of Vega. To derive a photometric point, we used the ac-

curate photometry at shorter wavelengths to determine

a power-law correction to force their spectrum to agree

with other measurements of Vega out to 8 µm and then

used this corrected spectrum (with outlier rejection) to

derive a photometric point at 9.8 µm.

The measurement values from MSX are well defined,

but the equivalent apertures are more challenging. Co-

hen et al. (2001) used aperture photometry on the MSX

measurements, but the signal to noise was compromised

in this approach and the final values used PSF fitting.

The pixel scale for MSX was 18′′ and we take this to be

the radius of the PSF.

The 18 µm value from AKARI was determined by av-

eraging the ratio of fluxes at 9 and 18 µm from this

survey for the well-measured early-type stars without

excess: Sirius, Procyon, α Aql, α Gem, and α Leo,

and then comparing with the same ratio for Vega. The

photometry is through a procedure similar to, but not

identical to, aperture photometry, over a radius of 7′′

(Ishihara et al. 2010).

The point at 20 µm is from the paper establishing a

network of mid-infrared calibration stars by Tokunaga

(1984). At that time, it was customary to ascribe zero

color to Vega as the zero point, and the result was that

Sirius is shown as being blue by 6% at this wavelength.

We now know that Tokunaga had unknowingly discov-

ered the debris system around Vega simultaneously with

the discovery with IRAS (Aumann et al. 1984) and that

the 6% is an excess due to it.

B. CONSTRAINTS ON THE INNER DISK

B.1. Interpretation of the photometry of the inner disk

Interpreting the photometry at 10−30 µm requires

modeling. The first question to be addressed is whether

the emission of the outer disk is significant for the

shorter wavelengths. To obtain an answer, we took the

F2550W flux of the outer zone (>10′′ radius) from this

work (a total flux of 0.56 Jy), and far infrared mea-

surements from IRAS, Walker & Heinrichsen (2000);

Su et al. (2006); Thureau et al. (2014); Pawellek et al.

(2014) and fitted a number of possible models for the

outer disk. The model flux was no more than 10% of

the integrated flux at MIRI F2550W and ∼0.1 Jy or less

at 20 µm in all cases. Short of 20 µm, we conclude that

the emission of the outer disk can largely be ignored

in the large-aperture photometry discussed previously.

At longer wavelengths, we can constrain models using

the multi-aperture photometry or synthetic photometry

from our F2300C and F2550W images.

To interpret the measurements further, we built a

model constrained by (1) the radial profile at 15.5 µm;

(2) the difference in signal at 20 µm between the SH

IRS slit and the four times larger LH one; and (3) the

photometry. The model assumed grains of astronomical

silicates, with a size distribution of n(a) ∝ a−3.5, where
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acceptable parametric models at F2550W for three different peaked ring location (rp) and width (rw) for the inner disk shown
on the plot. The hashed areas depict the region either under the coronagraphic mask for F1550C or affected by the saturation
for F2550W.

a is the grain radius, with the minimum grain size, amin,

a free parameter and the maximum grain size set to 400

µm (grains this large and larger have no influence on

the results). The results were not strongly sensitive to

the exact value of amin. By varying the inner radius in

the SED models, we find that inner radii < 1 au pro-

duce too much flux in the 10−15 µm range to be fully

consistent with the photometry. In addition, an inner

radius of 1 au or smaller approaches the sublimation ra-

dius of plausible grain materials. In this case we expect

a substantial piling up close to the sublimation radius

as grains are eroded and their β approaches the blowout

size (Kobayashi et al. 2009; van Lieshout et al. 2014,

and references therein). This effect would significantly

boost the emission in the 10 µm region, putting it well

above the photometry, suggesting that the disk has an

inner edge well outside where grain sublimation would

occur, i.e., beyond 1 au.

This constraint is based on general physical princi-

ples. A more demanding but less direct constraint can

be derived by profile modeling as described in the next

section.

B.2. Geometric Parametric Model fits for the inner

disk

JWST is diffraction limited for wavelengths longer

than ∼1.1 µm with a strehl ratio of 0.92 at 5.6

µm (McElwain et al. 2023). The typical resolutions

(FWHM) are thus 0.′′5 and 0.′′8 at 15.5 and 25.5 µm, re-

spectively. This means that the power-law disk profiles

(outside a few arcsec) are not affected by the instrument

PSFs while the true inner disk profile might be affected

by the PSF in addition to the coronagraphic mask and

PSF subtraction residual. To provide additional con-

straints on the inner disk morphology (i.e., the excess

emission profile), we fit the observed profiles using pure,

geometric parametric models. The basic assumption is

that the true disk surface brightness profile inside ∼1′′

follows simple descriptions: either a point source cen-

tered at the star, the same power-law extended inward

from the outside disk profile, or a simple ring-like struc-

ture. Because of the face-on disk geometry, the observed

profile would be the true model surface brightness pro-

file convolved with the instrumental PSF (i.e., no as-

sumption on the grain properties). The PSFs used for

the convolution are generated using the WebbPSF tool

(ver. 1.0.0, Perrin et al. 2014). The model PSF for the

F1550C data is assumed to be off-axis at the exit pupil.

We fit the parametric models in the F1550C and

F2550W data separately with some selected fits shown

in Figure B1. It is quickly realized that the excess emis-

sion cannot be a simple, point source centered at the

star; i.e., there needs to an inner cut-off for the excess

emission no matter how bright/faint the point source

is. This is consistent with the derived dust tempera-

ture presented in Sections 4 and A.2. The next simplest

model is the broken, power-law model which extends

inward from the 1′′−2′′ region with an inner cut-off at

r0. The simple power-law model suggests that r0 can-

not be smaller than 0.′′3 (see left panel of Figure B1 for

an example) and r0 cannot be larger than 0.′′7 (see right

panel of Figure B1 for an example). The inner cut-off

of the excess emission needs to be in the range of ∼3−5

au from the star. This suggests that the inner disk (ex-
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cess emission) is partially resolved at both 15 and 25

µm. We, then, explore a slightly complex model by as-

suming the inner disk profile can be best described as a

Gaussian ring with a peaked radius rp, a width rw and a

total flux of excess Fin,ring. Various combinations of rp,

rw, and Fin,ring are tried, and rp and rw are degener-

ate (i.e., there is not much difference between a narrow

(unresolved) and a broad (resolved) ring at most ring

locations (except for a large ring at ∼8 au radius, only

a narrow ring is allowed). Furthermore, the ring loca-

tion (rp) is also degenerate with the total flux in a way

that the larger the ring the lower the total flux (the to-

tal 25 µm flux ranges from ∼0.4 Jy for rp ∼ 3 au to

∼0.1 Jy for rp ∼ 8 au). Combining with the result in

the F1550C data, it seems that a ring at 4−5 au with a

total flux of ∼0.14 Jy at 15 µm, and ∼0.4 Jy at 25 µm

best describes the observed profiles. We also performed

consistency check by calculating the inferred color tem-

peratures using the acceptable ring-like models in both

F1550C and F2550W. The range of color temperatures

is shown in Figure B2, suggesting that grains warmer

than ∼170 K might exist in the inner disk (region inside

the saturation core), but the maximum allowable tem-

perature is ≲270 K, consistent with (1) the warm excess

SED (Figure 6 and (2) no substantial PSF residual (i.e.,

existence of barely resolved component close to the star)

in the PSF subtracted images. In summary, although we

cannot exactly constrain the inner disk morphology, the

excess emission needs to have an inner cut-off at 3−5

au and can be in a form of power-law or ring-like profile

with a total flux of ∼0.14 Jy, and ∼0.4 Jy at 15 µm and

25 µm.

C. DETAILS OF THE DUST TRANSPORT AND

PLANETARY PERTURBATION SIMULATIONS

C.1. Collisional timescales in the planetesimal belt

Particle loss in a planeteismal belt is due to two ef-

fects: (1) destruction by collisional cascades that gen-

erate smaller grains until they are small enough to be

blown out of the system by stellar radiation pressure;

and (2) inward migration due to PR drag drawing the

particles toward the star. To understand the net ef-

fects of grain dynamics, one ought to balance these

timescales. Here we estimate the collisional timescales

near the inner edge of the outer planetesimal belt around

Vega.

For a particle swarm (i.e., a debris disk), a collision

for a particle (with a grain radius of a1) will occur if

there is another particle (with a radius of a2) within a

“collisional volume” (Vcol), which is the collisional cross

section multiplied by the distance the particle traverses
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Figure B2. The color temperature distribution inferred
from the flux ratio between F1550C and F2550W data. Red
circles are derived using the observed F1550C and F2550W
radial profiles as shown in Figure 2. The acceptable tem-
peratures using the ring-like parametric models are depicted
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region is ≲270 K, consistent with the warm excess SED (Fig-
ure 6) and no significant residual flux after PSF subtraction.

relative to the swarm, i.e.,

Vcol(a1, a2) = π (a1 + a2)
2
vsw tcol , (C1)

where vsw is the relative velocity of a particle with re-

spect to the swarm and tcol is the collisional timescale.

Multiplying the collisional volume with the number den-

sity of particles, n(a), yields the total number of parti-

cles in the volume. Setting that to 1 allows us to calcu-

late the collisional timescale of the smallest particle not

removed by radiation pressure, as

tcol(a1) =
[
n(a) π (a1 + a)2 vsw

]−1
. (C2)

Integrating this function for the entire size distribu-

tion between the minimum and maximum grain sizes

(amin, amax), we get

tcol(amin) =

[
πvsw

∫ amax

amin

n(a)(amin + a)2 da

]−1

.

(C3)

The relative velocity of a particle in the swarm can be ex-

pressed as a function of the eccentricity and inclination

deviations in the system (Lissauer & Stewart 1993), and

is typically 5–10% of the local Keplerian velocity. The

size dependent number density of the colliding particles

can be expressed as

n(a) = Ca−ηa , (C4)

where ηa ranges from ∼3−4 (Dohnanyi 1969; Pan & Sari

2005; Pan & Schlichting 2012; Gáspár et al. 2012). The
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No planet; t=0 yr Mpl = 1 M⊕ ; t=0 yr Mpl = 3 M⊕ ; t=0 yr Mpl = 6 M⊕ ; t=0 yr

No planet; t=1 Myr Mpl = 1 M⊕ ; t=1 Myr Mpl = 3 M⊕ ; t=1 Myr Mpl = 6 M⊕ ; t=1 Myr

No planet; t=2 Myr Mpl = 1 M⊕ ; t=2 Myr Mpl = 3 M⊕ ; t=2 Myr Mpl = 6 M⊕ ; t=2 Myr

No planet; t=3 Myr Mpl = 1 M⊕ ; t=3 Myr Mpl = 3 M⊕ ; t=3 Myr Mpl = 6 M⊕ ; t=3 Myr

No planet; t=4 Myr Mpl = 1 M⊕ ; t=4 Myr Mpl = 3 M⊕ ; t=4 Myr Mpl = 6 M⊕ ; t=4 Myr

Figure C3. Disk surface brightness simulations highlighting the PR-drag transport of dust particles from the inner zone of the
planetesimal belt located between 69 and 85 au. Each row represents different timestamp of the evolution, starting from time
zero from the top to 4 Myr on the bottom. The first column has no planet while the following columns show the simulations
where a 1, 3, and 6 M⊕ planet, indicated as the white circle, was placed at 65 au. All images were convolved with a F2550W
WebbPSF and shown in the same display scale.
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constant C is calculated from the total mass of the dust

population (Mtot) as

C =
3Mtot (4− ηa)

4πρ
(
a4−ηa
max − a4−ηa

min

) 1

Vdisk
, (C5)

where ρ is the bulk density of the dust. Vdisk is approx-

imately 30,000 au3 for the Vega cold planetesimal belt

assuming a geometrically thin disk ranging from ∼69 to

∼85 au with a thickness of 4 au (an opening angle of

∼3◦).

We use our dynamical numerical code DiskDyn (https:

//github.com/merope82/DiskDyn) to estimate the dust

distribution within the model region that yields a total

flux consistent with the observed F2550W flux (∼0.17

Jy). To produce an order-of-magnitude estimate, we

simply use astronomical silicates (Li & Draine 2001)

with a bulk density of 3.5 g cm−3 in the DiskDyn code,

resulting in a blowout size (β = 0.5) of 6 µm around

Vega (M∗ = 2.135 M⊙, L∗ = 48 L⊙), and a total disk

mass of 0.28 M⊕ between 6 µm and 1000 km in the par-

ticle swarm, assuming a particle size distribution slope

of 3.67 (Gáspár et al. 2012). Plugging in these values,

which we we derived with DiskDyn to match the ob-

served 25.5 µm flux for the model region, we find that

the collisional timescale of the smallest, non-blown-out

grain with β = 0.5 is ∼0.5 Myr, assuming a swarm colli-

sional velocity of 500 m s−1 (10% of the local Keplerian

velocity). Larger particles will have even longer colli-

sional timescales, as the smallest particle sizes that can

catastrophically destroy them is also larger, thereby de-

creasing the frequency of such collisions (i.e., prolonging

the collisional timescales). For β = 0.1 particles, the es-

timated collisional timescale is ∼0.73 Myr.

C.2. Disk morphology evolution with and without

planetary perturbations

As shown in Section 5.2.2 (Figure 7), the PR

timescales for grains with β ≲ 0.5 inside the model re-

gion are much shorter than the collisional timescale, i.e.,

the dust dynamics inside the ∼69 au region are domi-

nated by the PR drag. Using the same setup as above,

we then follow the dynamical evolution of particle distri-

bution interior to the inner edge of the planetesimal belt

using DiskDyn without collisions (i.e., no new grain in-

put from the planetesimal belt nor collisional interaction

among them). We ran four simulations on the High Per-

formance Computer cluster Ocelote of the University of

Arizona: one without any planetary perturber, and the

other three with a planet placed at 65 au with masses of

1, 3, and 6 M⊕. The largest mass of 6 M⊕ was chosen to

match the lower mass limit given by Matrà et al. (2020)

for a shepherding planet, necessary to maintain the in-

ner edge of the observed ALMA planetesimal belt. The

model dust distribution was convolved with a JWST

F2550W WebbPSF (Perrin et al. 2014) for morpholog-

ical comparison inside 85 au. Because our simulations

do not include collisions, they do not completely repro-

duce the inward flux of particles from the planetesimal

belt and beyond. To provide a better understanding of

the transport and the perturbations from the planet, we

show a full image sequence of the simulations at various

timestamps in Figure C3 up to 4 Myr.

The structures seen in Figure 8 (at 2 Myr) become

even more pronounced by 4 Myr of evolution at all cases.

The lack of newly produced particles entering the stream

is also evident, as the dip between 40 and 75 au be-

comes more pronounced at the end of the simulation

particularly for the no planet case (left column). Figure

C4 show the radial surface brightness profile and corre-

sponding SED for the no planet case to better illustrate

the unimpeded PR disk evolution. By 1 Myr of evo-

lution, the smallest grains transported inwards by PR-

drag make it to ∼ 50 au and the flux distribution starts

to flatten out. At 2 Myr (green line), the radial surface

profile is only slightly shallower than the observed one

(black line) and the transported grains significantly in-

crease the mid-infrared flux in the SED evolution (right

panel of Figure C4). This 2 Myr limit is close to the

timescale (1.8 Myr) for the smallest particles to reach

the sublimation distance from the inner edge of the plan-

etesimal belt. The agreement between the observations

and predicted SEDs for 2−4 Myr corroborates that dust

transport via PR drag into the inner regions is a viable

model.

The right three columns of Figure C3 show the evo-

lution of PR-drag disk morphology under the influence

of a perturbing planet with three different masses. It

is evident that the higher the mass of the planet, the

larger the departure from the smooth, symmetric, PR-

dominated disk morphology. Disrupting the inner edge

of the planetesmial belt and highly structured MMR fea-

tures are expected in the planet cases with masses ≳3−6

M⊕. Further long-term numerical models with a proper

treatment of collisional outcome will be needed to in-

vestigate whether such small mass planets are able to

shepherd the planetesimal belt over the ∼400 Myr age

of the system.

D. TECHNICAL STEPS FOR THE DATA

REDUCTION AND PSF SUBTRACTION

The data acquisition and reduction for this paper

draws not only on the Vega measurements but also ex-

perience with those of Fomalhaut (Gáspár et al. 2023).

https://github.com/merope82/DiskDyn
https://github.com/merope82/DiskDyn
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Figure C4. Left panel: The radial surface brightness profile of the “no planet” dynamical model at various evolution times,
compared to the observed JWST/MIRI F2550W profile. Right panel: The SED of the inner disk for the “no planet” simulation
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Table D2. JWST MIRI observations of the Vega system presented in this study

Obs. Id. Target MIRI Mode/Subarray PA§ Ngroup Nint Dither Time (s)

20 Background F2550W/BSKY 133.08 5 52 4pt Cyc† 1076.4

21 HD 169305 (PSF Ref.) F2550W/BSKY 132.93 5 52 4pt Ext† 1076.4

22 HD 169305 (PSF Ref.) F2300C 132.91 74 9 9pt SGD 1965.4

23 HD 169305 background F2300C 132.96 74 9 2pt 436.8

24 HD 169305 (PSF Ref.) F1550C 132.85 143 6 9pt SGD 1861.6

25 HD 169305 background F1550C 132.87 143 6 2pt 413.7

26 Vega (Rotation 1) F2550W/BSKY 138.35 5 52 4pt Ext† 1076.4

27 Vega (Rotation 1) F2300C 138.36 60 49 None 968.1

28 Vega background F2300C 133.50 60 49 2pt 1936.2

29 Vega (Rotation 1) F1550C 138.34 90 42 None 915.8

30 Vega background F1550C 133.43 90 42 2pt 1831.6

31 Vega (Rotation 2) F1550C 128.34 90 42 None 915.8

32 Vega (Rotation 2) F2300C 128.36 60 49 None 968.1

33 Vega (Rotation 2) F2550W/BSKY 128.38 5 52 4pt Ext† 1076.4

†The BRIGHTSKY subarray with 4-point dither pattern starting at #6 position.

§On-sky position angle of the MIRI aperture.

Here, we provide a detailed description of what we con-

sider to be an optimized procedure as a reference.

The data include coronagraphic imaging using the

F1550C and F2300C masks as well as non-coronagraphic

imaging with the F2550W filter using the BRIGHT-

SKY subarray, as detailed in Table D2. Dedicated

background observations were obtained for both imag-

ing and coronagraphic modes for better subtraction of

the known instrumental artifacts and the dominant tele-

scope background at 25.5 µm. The sequence of observa-

tions was optimized to minimize the instrumental latent

artifacts at all wavelengths, most importantly at 25.5

µm, where long exposures on the two bright stars were

used. Therefore, we began the entire sequence by first

obtaining the background observation with the F2550W

filter, thereby ensuring no latent patterns in the critical

background image.

We selected the PSF reference star, HD 169305,

putting a high priority on being able to use observation

sequences as similar as possible on both stars5. The

reference star was chosen based on the following crite-

ria: similar brightness as Vega in the mid-infrared, no

5 This was necessary for the PSF observations, as we used the
background observation to correct the dark noise of the target
and PSF reference observations, which is not well defined for the
short integration ramps we had to use for these bright targets.
Therefore we had to execute an identical observing sequence for
the background, the science target, and the PSF reference at
25.5 µm. The similarity requirements were relaxed slightly for
the coronagraphic observations.
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signs of multiplicity, and proximity to Vega. The first

criterion is the most important one due to the brighter-

fatter-effect in MIRI detectors (Argyriou et al. 2023).

This would result in different point source images for two

stars of significantly different signal strength. Proximity

between the target and PSF reference improves observ-

ing efficiency and minimizes variations in the telescope

figure and background levels. Although HD 169305

is a M2III giant, the observed wavelengths are in the

Rayleigh-Jeans regime of the stellar SED, also where

there are no strong absorption features.

For the F2550W imaging mode, the BRIGHTSKY

subarray (field of view of 56′′×56′′ and 0.865 s sampling

time) allowed short integrations that minimized the cen-

tral area affected by saturation. For the coronagraphic

mode, the field of view is ∼14′′×14′′ with inner work-

ing angles of 0.′′49 and 2.′′16 for F1550C and F2300C

respectively. The Vega observations were repeated at

two sky orientations separated by ∼10◦ in both imag-

ing and coronagraphic modes (see Table D2 for details)

to facilitate angular differential, high-contrast imaging

reduction.

The raw data (uncal files) were first reduced with

the pipeline through stages 1 and 2, producing flux cali-

brated individual exposures (cal files). We used version

1.11.4 for the F2550W data (and confirmed that a scal-

ing factor of 1.1478 corrects the results to more recent

versions). For the other bands, we used versions 1.12.0,

and 1.12.3. of the pipeline with the reference files in

CRDS context of jwst 1193.pmap that include the de-

tector time-dependent sensitivity correction. The cali-

bration factors (PHOTMJSR, conversion factor used to

translate DN/s/pixel to MJy/sr) are 3.887, 1.071, and

0.874 for the F1550C, F2300C and F2550W data, re-

spectively6. Our final reductions are carried out in a

self-calibrated mode (i.e., matching the stellar signals

empirically), so the details of the absolute calibration

do not affect our results. As future improvements in the

absolute flux calibration become available, one can sim-

ply apply a scaling factor in the measured fluxes without

influencing our conclusions.

Within the pipeline, we kept the majority of settings

at their default values, only changing the jump rejec-

tion threshold to 5 (from the default value of 4) and

turning off the dark correction (dark current.skip).

The dark subtraction was done using the background

images as custom dark frames, which were observed in

6 The current photometric calibration uncertainties are of or-
der 3% or better at all imaging data (https://jwst-docs.
stsci.edu/jwst-calibration-status/miri-calibration-status/
miri-imaging-calibration-status).

the same integration settings as in the science targets.

Given the short integration ramps (e.g., 5 groups at 25.5

µm), using custom dark frames provided more accurate

reductions than using the CRDS dark frames, which are

optimized for longer ramps.

D.1. The F2550W non-coronagraphic imaging

reduction

As demonstrated for Fomalhaut (Gáspár et al. 2023)

and now these Vega observations, traditional PSF sub-

traction is a powerful high-contrast imaging mode for

MIRI. It allows smaller inner working angles than the

coronagraphs (dependent on saturation) and also a

larger field of view (dependent on subarray and dither

pattern used). It provides these benefits at a similar

wavelength to the 23 µm coronagraph. At 15 µm, it

also avoids the aberrations induced by the phase mask.

For PSF subtraction, after the stage 1 and 2 reduc-

tions we performed custom reduction steps using IRAF

and idp3 to minimize the instrumental artifacts and

those from PSF subtraction as follows. The first step

was to generate the background image to subtract from

each science and PSF reference image. We initially gen-

erated a median combined background image from all

four dither positions using 3σ rejection. For both science

and reference star data, we found that the background

subtracted image in the individual dither positions con-

tained deeper row effects as the dithering sequence ad-

vanced. To include this effect in the background im-

age used for corrections, we generated difference images

between the first and other dither position data (P2-

P1, P3-P1, and P4-P1), and calculated the median row

values, within a 2σ clipping factor. These row correc-

tions were then added to the previously generated me-

dian combined image to produce a dithering-sequence-

dependent but median-averaged background correction,

which was then subtracted from all science (Vega) and

PSF reference (HD 169305) data for each of the dither

positions.

While this process cleared the majority of the thermal

background signal, there were still row/column artifacts

and dither-dependent, pedestal background offsets. To

mitigate them, for each of the dither positions we deter-

mined the pedestal background level using a box size of

100 pixels×50 pixels in clean areas of the images as far

from the target as possible. For positions 1 through 4,

the pedestal levels were 0.25, -1.61, -2.82, and -3.02 MJy

sr−1 for the PSF star, which were subtracted from the

individual dither images. The remnant background lev-

els for the Vega observations were somewhat more neg-

ative, with values between -8.32 and -11.15 MJy sr−1,

which were also subtracted and corrected. The satu-

https://jwst-docs.stsci.edu/jwst-calibration-status/miri-calibration-status/miri-imaging-calibration-status
https://jwst-docs.stsci.edu/jwst-calibration-status/miri-calibration-status/miri-imaging-calibration-status
https://jwst-docs.stsci.edu/jwst-calibration-status/miri-calibration-status/miri-imaging-calibration-status
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Figure D5. Top row: The F2550W PSF (HD 169305) im-
ages following the stage 1 and 2 pipeline reduction steps,
without background or other corrections applied at the four
dither positions (P1 to P4). Image scaling is logarithmic
between 911 and 2066 MJy sr−1. Bottom row: The same
images, but with background correction applied, row and col-
umn artifacts removed, and background base level adjusted.
The images are scaled logarithmicaly here as well, between
-6.9 and 1147 MJy sr−1.

rated core also created flux depression in the detector

column direction with ∼10 pixel width near the stellar

core, which was manually masked and corrected. The

background in the Vega data (for both sky orientations)

was removed in a similar approach. Figure D5 shows

the comparison between the pipeline reduced and our

final (background cleaned, zero level adjusted, column

artifact corrected) PSF images for the 4 dither positions.

The pole-on viewing orientation of the Vega system

and radially symmetric structure of the disk simplified

the removal of residual background and the row and

column artifacts via an iterative process as showcased

in Figure D6. These same steps were also applicable for

the reference star. Classical PSF subtraction (target −
PSF reference) per dither position was also done during

this process. We note that this iterative process assumes

a face-on, axis-symmetric geometry, and therefore might

not be applicable to other more complex conditions. The

steps are:

1. Determining the position matched PSF pixel offset

at each dither position.

2. Shifting and rotating the science and PSF images

to a common grid, scaling and subtracting the

PSFs, and median combining the non-distortion

corrected disk images using custom masks.

3. Calculating a median disk radial profile.

4. Removal of this median disk radial profile and the

PSFs from the original background corrected im-

ages.

5. Calculating the column and row corrections on the

residual images (see details below).

6. Removal of the residual column and row correc-

tions from the original background corrected sci-

ence images.
7. Repeating the previous four steps until the science

images are free of most of the artifacts.
8. Application of stage 3 distortion corrections to the

cleaned PSF and science images.

Any row and/or column artifacts that are not removed

previously are ultimately removed via the PSF subtrac-

tion step.

In Gáspár et al. (2023), we showed that, with well-

reduced images, the stellar contributions can be sub-

tracted with minimal residuals for F2550W observa-

tions using PSF images matched by position in the focal

plane. Therefore, following the steps above, we removed

the stellar portion of the Vega images using PSF obser-

vations taken at the identical positions in the focal plane.

In these steps, we used the non-distortion corrected im-

ages, as our goal was to estimate the row and column

artifacts in the original detector coordinate space. In the

third row of Figure D6, we show the four PSF-subtracted

Vega disk images obtained at the first rotation following

Steps 1 and 2. These images allowed us to estimate a

preliminary median disk radial profile, which we were

then also able to remove, revealing the residual row and

column artifacts (shown in the fourth row of Figure D6).

The row and column artifacts were fit as slopes this time

(rather than median values) and separated into four sec-

tions in ±20 pixel-wide cross-shaped bands centered on

the saturated core. Once they were removed (see verifi-

cation image in the fifth row of Figure D6), stage 3 dis-

tortion correction steps were applied to the clean images

(sixth row in the Figure) In the last row of Figure D6,

we show how the reduced (background, sky constant,

and row/column detector artifact cleaned) images look

at the four dither positions, following the position de-

pendent PSF subtractions (note: these are not the dis-

tortion corrected images combined for the final image).

To actually obtain the final image, steps 1 and 2 were

repeated on the distortion corrected images, resulting in

the median combined PSF subtracted image as shown

in Figure 1.

D.2. The F1550C coronagraphic imaging reduction

Following the stage 1 and 2 pipeline reduction steps

detailed above, we processed the F1550C coronagraphic

images with custom scripts using IRAF and idp3. The

observing sequence included background images for both

Vega and its PSF source, as they were observed with

different group and integration values, requiring custom

backgrounds for both. These background observations

were dithered in a 2 point pattern to allow the exclu-
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Figure D6. The iterative reduction sequence for the F2550W dataset. The columns show the four dither positions of the Vega
data displayed in logarithmic scale with the boundaries (in MJy sr−1) given on the right side of each row. Details about the
sequence (from top to bottom) are itemized in Section D.
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Figure D7. The background subtraction process for the
F1550C coronagraphic observations, shown for one of the
Vega (top row) and one of the PSF observations (bottom row).

sion of possible bright sources in the combined images.

Given that only 2 dither pointings were observed, the

background images were combined by keeping only the

lower value for each pixel, to reject brighter background

sources. The PSF star was observed in the 9-point small

grid dithered mode using shifts of around 0.09 pixels,

in both F1550C and F2300C. However, only the four

quadrant phase mask (4QPM) data (i.e., F1550C) show

strong dependence on positioning behind the masks,

while the 23.0 µm Lyot coronagraph PSF is not as sen-

sitive (Gáspár et al. 2023). Background subtraction is

critical for the F1550C data to eliminate the “glow bar”

artifact. The combined background images were sub-

tracted from the two Vega rotation images and from the

9 point small grid dithered (SGD) PSF images to ob-

tain clean images. In Figure D7, we show the process

of the background subtraction for the F1550C images,
highlighting it for one of the Vega and one of the PSF

images.

Following background subtraction, the processing

of the F1550C coronagraphic images was relatively

straightforward. The state-of-the-art KLIP (Karhunen-

Loève Image Projection; Soummer et al. 2012) process-

ing used in the JWST pipeline and in spaceKLIP (Kam-

merer et al. 2022; Carter et al. 2023) is the ideal tool to

obtain the highest contrast ratio reductions for point-

sources, but results in the over-subtraction of extended

features, such as circumstellar disks (e.g., Lawson et al.

2023). Therefore, we employ classical reference PSF

differential imaging (RDI) reduction techniques for the

processing, as we did for the Fomalhaut F1550C observa-

tions (Gáspár et al. 2023). The complex coronagraphic

PSF of the four quadrant phase mask (4QPM) depends

strongly on the positioning of the bright central source

Figure D8. Locating the best PSF, using a scaling factor
of 1.43, for the first rotation of Vega observations. The sub-
tractions are shown for all nine SGD PSF positions, laid out
in spatial order. For the first rotation, position 6 (marked
with yellow font) was clearly the best PSF to use.

on the phase mask. Therefore, we treated the 9 dithered

F1550C PSF star images as independent PSFs and sub-

tract all nine PSFs from both Vega observations, after

scaling them for an optimum match. We determine the

best one for each rotational dither by visual inspection.

In Figure D8, we show the PSF subtractions using each

of the nine SGD PSFs for the first rotation of the Vega

observations. Visual inspection clearly shows that posi-

tion 6 yields the least subtraction residuals; for the sec-

ond rotation position 1 (the central pointing) was the

best. We also visually examined subtraction residuals

as a function of PSF scaling and determined 1.45 to be

the best one, with visible residuals appearing at 1.41

and 1.49 (±3%).

We removed the remaining column artifacts visible in

Figure D8 with an iterative process similar that used

for the F2550W dataset. The two Vega observations,

obtained at separate rotational dithers, were combined

into a single image, allowing us to determine a median

disk radial profile. Once the median radial profile was

subtracted from the two PSF subtracted images, median

column values were calculated and subtracted. These

column artifact corrected images were then converted

to a geometric distortion corrected plane and combined

as shown in Figure 1. Due do uneven transmission of
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Figure D9. The background subtraction process for the
F2300C coronagraphic observations, shown for one of the
Vega (top row) and one of the PSF observations (bottom row).
All images are in logarithmic scaling but at different levels
to highlight their features.

the 4QPM the Vega disk seems to be azimuthally asym-

metric with the F1550C filter/mask, unlike the F2550W

non-coronagraphic image.

D.3. The F2300C coronagraphic imaging reduction

We reduced the F2300C coronagraphic data with the

1.12.3 version of the pipeline. Following basic stage 1

and 2 reductions, as described above, the processing of

the calibrated images followed along mostly the same

steps as they did for the F1550C observations, therefore

we detail only the differences.

Background observations were taken for both the sci-

ence (Vega) and PSF (HD 169305) targets in a two point

dither pattern, allowing the exclusion of background

sources. As for the F1550C backgrounds, we combined

the dithered backgrounds by keeping the lower pixel val-

ues. These background images were then subtracted

from the two - rotationally dithered - Vega observations

and the nine point SGD pattered PSF images. In Figure

D9, we show the background subtraction process for the

F2300C images, highlighting it for one of the Vega and

one of the PSF images.

For the F2300C observations, we used all available

PSFs, not just the best aligned one (as we did for the

F1550C), as the 23.0 µm Lyot coronagraph PSF is not

as sensitive to positioning as the ones produced by the

4QPMs. To determine alignment, we used the “false”

peaks in the center of the coronagraphs, seen in Figure

D9. The largest offset between a PSF and the target was

∼ 0.2 px. The best scaling factor for the PSF was deter-

mined to be 1.43, just like at 25.5 µm, with acceptable

results between 1.39 and 1.47. The images were masked,

where necessary, rotated/shifted, PSF subtracted, and

finally combined, as shown in Figure 1. The image is

similar to the non-coronagraphic observations with the

F2550W filter, with slightly better noise properties, but

a smaller FOV and a larger useful inner working angle.

Facilities: JWST(MIRI)
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