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ABSTRACT

Aims. This study aims to characterize debris disk targets observed with SPHERE across multiple programs, with the goal of identifying systematic
trends in disk morphology, dust mass, and grain properties as a function of stellar parameters. By combining scattered-light imaging with photo-
metric and parametric modeling, we seek to improve our understanding of the composition and evolution of circumstellar material in young debris
systems and to place debris disks in the broader context of planetary system architectures.

Methods. We analyzed a sample of 161 young main-sequence stars using archival SPHERE observations at optical and near-infrared (IR) wave-
lengths. Disk geometries were derived from ellipse fitting and model grids, while dust mass and properties were constrained by modified blackbody
(MBB) and size distribution (SD) modeling of spectral energy distributions (SEDs). We also carried out dynamical modeling to assess whether the
observed disk structures can be explained by the presence of unseen planets.

Results. We resolved 51 debris disks, including four new detections where disks were resolved for the first time: HD 36968, BD-20951, and
the inner belts of HR 8799 and HD 36546. In addition, we found a second transiting giant planet in the HD 114082 system, with a radius of
1.29 + 0.05 Ry, and an orbital distance of ~1 au, providing an important new benchmark for planet—disk interaction studies.

Beyond these new detections, we identified nine multi-belt systems, with outer-to-inner belt radius ratios of 1.5 — 2, and found close agreement
between scattered-light and millimeter continuum belt radii with a mean ratio Ry (near-IR) / Ryeie (mm) of 1.05 + 0.04. Belt radii scale weakly
with stellar luminosity (Rye, oc L311%005) but show steeper dependencies when separated by CO and CO, freeze-out regimes, and also increase
with age as Ryey o< 195 !,

Uniform image modeling yielded vertical disk aspect ratios of 0.02—0.06, consistent with collisionally stirred belts, while gas-rich systems showed
unusually small values. Inner density slopes steepened with stellar luminosity, indicating more efficient dust removal around luminous stars.

Disk fractional luminosities follow collisional decay trends, declining as ,5;'***!* for A-type and 7,2"'**' for F-type stars. SD modeling yields
minimum grain sizes consistently above the blowout limit, typically > 0.8 um, with a mean SD index of g = 3.6, assuming astrosilicate composi-
tion. The inferred dust masses span 10~> — 1 Mg from MBB modeling (and 0.01 — 1 M, from SD modeling for detected disks). These masses scale
as Ry, with n > 2 in belt radius and super-linearly with stellar mass, consistent with trends seen in protoplanetary disks (PPDs).

Our detailed analysis of disk scattered-light non-detections indicates that they are mainly caused by low dust masses, unfavorable viewing geome-
tries, or suboptimal observing conditions. SD modeling combined with Mie theory further showed that bulk albedos are consistently above 0.5
with little variation, making albedo differences an unlikely explanation. To explore this further, we introduced a new parametric approach based
on scattered-light and polarized-light images, which provides independent estimates of dust albedo and maximum polarization fraction.

We found a correlation between measured disk polarized flux and IR excess, with a slope shallower than that of optical total-intensity fluxes
measured with HST/STIS. The offset of ~1 dex between total-intensity and polarized fluxes arises because polarized flux represents only a fraction
of the total scattered light which depends on both grain properties and disk inclination.

Finally, a comparison of planetary architectures shows that most benchmark systems resemble the Solar System, with multiple planets located
inside wide Kuiper-belt analogues. Dynamical modeling further indicates that many observed gaps and inner edges can be explained by unseen
planets below current detection thresholds, typically with Neptune- to sub-Jovian masses, underscoring the likely ubiquity of such planets in
shaping debris disk morphologies.

Key words. Planetary systems — Scattering — Techniques: high angular resolution, polarimetric methods: observational, planets and satellites: de-
tection, techniques: image processing, methods: statistical, instrumentation: high angular resolution, planets and satellites: formation, Astrophysics
- Earth and Planetary Astrophysics

1. Introduction

The field of exoplanet research rapidly evolving in the last
decades has uncovered an immense diversity in planetary struc-
ture and composition, ranging from small rocky worlds to mas-
sive gas giants, orbiting their stars in periods spanning days to
hundreds of years (Jontof-Hutter 2019; Winn & Fabrycky 2015;
Dawson & Johnson 2018; Zhu & Dong 2021; Wordsworth &
Kreidberg 2022, and references therein). The vast variety of exo-
planets might arise from the distinct environments of circumstel-

lar gas and dust in which planets form and evolve over millions,
or even billions, of years. These environments undergo continu-
ous transformations: beginning with the collapse of a molecular
cloud that gives rise to a new star, progressing through a pro-
toplanetary disk (PPD), where planets are born, and eventually
becoming a debris disk as the star enters the main sequence after
several million years. Studying these environments is essential
to answering fundamental questions in exoplanet science.

The circumstellar material that provides the building blocks
for future planets has different origins and properties in proto-
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planetary and debris disks. In PPDs, gas and dust are pristi2@24). One key reason is that debris disks are signi cantly older
originating directly from the initial molecular cloud. In contrast(& 7 Myr) and contain roughly three orders of magnitude less
the primary mechanism of dust production in debris disks is thest than PPDs (Wyatt 2008). As a result, they are much faintar
collisions between kilometer-sized rocky bodies. These coléind more challenging to image directly.

sions supply the disk and the forming planets with substantial Thjs study focuses on SPHERE observations of debris disks.
amounts of dust grains of various sizes and small amountSPHERE is an extreme adaptive optics (AO) instrument opti-
gas. (e.g., Wyatt 2018; Hughes et al. 2018). mized for observing circumstellar environments (Beuzit et a!.
The evolution of dust particle properties from the protoplap019). Since its commissioning in 2014, SPHERE has been ex-
etary to the debris disk phase can be studied using two distifgisively utilized and has proven to be one of the most produc-
ranges of the electromagnetic spectrum, as dust particles infge HCI instruments. As part of the SPHERE Guaranteed Time
act with stellar light in two primary ways. Some stellar photongpservation (GTO) program, numerous debris disks have been
are scattered by dust grains in all directions, particularly at op§ibserved and detected in the course of the dedicated disk pro-
cal and near-infrared (IR) wavelengths. Meanwhile, other stel am, and sometimes as a by-product of the SpHere INfrared
photons are absorbed by the dust grains and re-emitted as t8gfvey for Exoplanets (SHINE; Chauvin et al. 2017; Desidera
mal radiation predominantly in the IR to millimeter wavelengtBt al. 2021; Vigan et al. 2021; Langlois et al. 2021). To perforr:
range. a comprehensive analysis of these observations, we compiled a
In the past decades, space-based mid-IR and far-IR obsesgnple of targets known to host debris disks from the archival
tions with theSpitzer IRAS, andHerschelSpace Observatory datasets of GTO and various open-time programs, including all
played a crucial role in advancing our understanding of debtiggets from the SPHERE High Angular Resolution Debris Disik
disks. In particular, the Disc Emission via a Bias-free Reconna'§urvey (SHARDDS, PI: J. Milli; Milli et al. 2017b; Dahlqvist
sance in the IRBubmillimeter (DEBRIS; Sibthorpe et al. 2018)et al. 2022).
and DUst around NEarby Stars (DUNES; Eiroa et al. 2013) sur- tiq dy aims to consistently characterize the structural

veys provided comprehensive statistical studies of debris di compositional properties of debris disks, focusing on bath

around nearby matm—sfelqRuence stars.ch?estetsurveystenabledtné “radial and vertical extents, as well as the nature of their
CISé measurements Of IR exCess and aust temperatures, réegisiivent dust. A primary goal is to explore how the architec-

ing trends with stellar type and age. They also establishe P ; ; ; 5
framework for estimating dust luminosity distributions and thﬁl’fe of debris disks, particularly the radial locations of planete:

incidence rate of debris disks, especially around solar-type an

early-type stars. (Krivov & Wyatt 2021), relates to the fundamental ies
> . . , properties

In addition to mid-IR and far-IR observations, thaibble ¢ 0ir host stars. By analyzing a large sample of spatially re-
Space Telescope (HSiijade a groundbreaking contribution Q5 eq debris disks, we investigate how the belt radii and disk
the imaging of debris disks in scattered light. Using its highy,

. . bilit ided th ust masses scale with stellar luminosity and mass, and haow
contrast imaging (HCI) capabilities{ST provided the rstre- ,oqe relationships evolve over time. Additionally, we assess the

solved views of numerous debris disks, revealing their morph@lsn gitions that distinguish detected from non-detected disks in
ogy and ne structures such as rings, warps, and asymmetii@s e light, accounting for both intrinsic disk properties and
(€.9. Golimowski et al. 2006; Kalas et al. 2007). Systematic Spqeryational biases. We further investigate the architecture of

veys of circumstellar environments led py Schneideret al. (20;p anetary systems within the sample, analyzing how the pres-
2016) o ered valuable complementary insights to thermal eMiShce, absence, or con guration of planetary companions corre-

sion data, helping to constrain disk geometries and the scattefilds yith the structure and detectability of debris disks.
properties of dust grains.

The detailed studies of both scattered and thermal light fro
circumstellar disks using the ground-based telescopes bec
possible with the start of operation of high-contrast and hig

| belts and their dust masses, which are key to understanding
evolution of debris disks and their interaction with planets

The paper is organized as follows. In Sect. 2, we present the
ar parameters of the targets included in our sample. Sectio 3
escribes the SPHERE observing modes and the data reduction

resolution instruments such as the Spectro-Polarimetic Hi hniques used throughout the study. In Sect. 4, we analyze the

contrast imager for Exoplanets REsearch (SPHERE; Beuzit e P_rpholog|_cal structure of the Qetected disks, empha5|z.|ng th__e
2019) at VLT, the Gemini Planet Imager (GPI; Macintosh et _d|al_ locations of _the planetesimal belts'. T_hes_e constraints are
2014) or the Subaru Coronagraphic Extreme Adaptive Optileh incorporated into spectral energy distribution (SED) mad-
£ling in Sect_. 5,_ aII9W|ng us to derive the parameters _of the diist
cilities like the Atacama Large (sub)Millimeter Array (ALMA) grain size dlsmbutlons (SDs) and to estimate plausible rangas
which delivered unprecedented images of many protoplanetg?{/the scattering albgdo. o o
and debris disks around young stars (e.g, Perrot et al. 2016; An-A key part of our investigation, detailed in Sect. 6, addresses
drews et al. 2018; Avenhaus et al. 2018; Boccaletti et al. 2020€ question of why the majority of young debris disks remain
Columba et al. 2024). These observations have targeted botHindetected in scattered light imaging. In particular, we exam-
dividual disks (e.g, Garu et al. 2016; Milli et al. 2017b; Olofs-ine the role of the dust's optical properties and the observa-
son et al. 2018; Ménard et al. 2020) and large disk samples (éigjal biases associated with viewing geometry and disk striic-
Ansdell et al. 2017; Ginski et al. 2024; Garu et al. 2024; Matrlre. Special focus is placed on the evaluation methods for te
etal. 2025), facilitating the rst demographic studies that addredyst albedo and polarization eiency based on polarimetric
the morphology of these objects. imaging (Sect. 6.3).

Most optical, near-IR and sirillimeter imaging campaigns In Sect. 7, we shift focus to planetary system architecturas.
have focused on studying PPD evolution and searching for forkive analyze systems where both exoplanets and debris disks are
ing planets within them (Benisty et al. 2023, and referencdstected, as well as those with no detected planets, by estimating
therein). In contrast, only a few comparable studies have investie locations and masses of planets that could dynamically shane
gated direct imaging (DI) data for a large sample of debris disktse observed disk structures. This includes modeling scenarics in
(e.g., Schneider et al. 2014; Esposito et al. 2020; Crotts etwhich unseen planets are responsible for clearing gaps or trun-

(SCEXAO; Jovanovic et al. 2015), along with interferometric f
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cating the inner edges of planetesimal belts. The key ndings ©he components of multiple systems that host debris disks ard
the study are summarized in Sect. 8. were observed with SPHERE are speci ed in Col. 6 of Table 9.

Our sample includes ve chemically peculiar stars classi-

ed as Lambda Boo stars: HD 30422, HD 31295, HD 110411,
2. Sample description HD 183324 and HD 218396. These stars exhibit surface de -

ciencies in iron-peak elements while maintaining nearly sotar
We compiled a sample of debris disks from archival SPHERgbundances of carbon, nitrogen, oxygen, and sulfur (e.g., Paun-
observations, selecting main-sequence stars with an IR excgs$ 2001; Gray et al. 2017). This anomaly may be explained by
above 10°, based on data from the Jena debris disk datdbasgreferential gas accretion over dust from a dynamically evolving
This sample comprises 161 stars spanning a broad range of sgeeris disk, possibly in uenced by migrating planets or accrz-
tral types and ages. The majority are young F-type (35%) and#un from the atmospheres of hot Jupiters (Murphy & Paunzzn
type (29%) stars (Fig. 1). These targets usually exhibit strong $#817). The debris disk hypothesis is further supported by the
excesses, indicating signi cant amounts of dust, and are brigfigh fraction (up to 77%) of Lambda Boo stars exhibiting IR
enough to serve as reference stars themselves for the AO gy&ess, which is often linked to the presence of a debris disk.
tem. For instance, ZIMPOL observations require a reference g@faper et al. 2016b). Some of these disks have been imaged
with a G magnitude brighter than3' for a good adaptive op- with the Herschel Space Observatoat 70, 100 and 160m,
tics correction in the optical. Additionally, the two surveys thahcluding several debris disks analyzed in this study (Su et a'.
contributed most to our sample, SHINE and SHARDDS, primago09; Draper et al. 2016b). In Section 4, we present a scattered

ily focus on A-type and solar-type stars. The presence of an light image of the inner belt surrounding a Lambda Boo star
excess or debris disk was not part of the selection criteria faD 218396 (HR 8799).

the SHINE statistical sample (Desidera et al. 2021). However, giq|jar ages were compiled from the literature, with their

in speci ¢ cases, the known presence of exoplanets or a dightyer and upper boundaries listed in Col. 11 of Table 9. For soma

suggesting a higher likelihood of harboring young, directly imy, et particularly eld stars, there are signi cant discrepar-

ageable planets (e.g., Meshkat et al. 2017), led to a target bel , up to 3000 Myr, between ages reported iredént studies.

classi ed as a special object, thereby increasing its observatioggls |arqe scatter arises from the use of diverse age-dating tech-
priority. In contrast, SHARDDS was a dedicated debris disk sy g g g e

h as isoch ing, ki i higz
vey, with targets selected based on the predicted brightnes%ﬁéjes’ such as isochrone tting, kinematic group membershiz,

A o . indicators of stellar activity (e.g., Ca Il Hand K line strength
their disks aisk > 10 %)°. The SHARDDS survey included 55,y o [uminosity). For instance, published age estimates for

main-sequence stars observable from the Southern hemisph§e45115 include 1% Myr (Moor et al. 2006), 100 Myr (Zuck-

covering spectral types A through M and stellar ages rangin 00
from 10 Myr to 6 Gyr. Its aim was to provide a comprehensi finan & Song 2004), or 50%0 Myr (Holmberg et al. 2009).

overview of planetary system properties and their temporal evo- In such cases, we adopted an age range that covers the full
lution. span of results (_jerlved from various methods. For bpna dg
In addition to A- and solar-type stars, our sample inclug&dembers of moving groups (MGs) and targets lacking literature
eight B-type and eight M-type stars, with the latter group eQde estimates, upper and lower age Il_mlts were assigned based
hibiting the highest detection rate among all spectral types 3 the most probable MG membership. In Column 12 of Ta-
our sample. However, this high detection rate is in part due i 9 We list the MG with the highest probability of associaticn
the unexpected discovery of a debris disk around the M1Ve stgf ach star, along with the corresponding probabiligy percent-
GSC 7396-0759 (Sissa et al. 2018), which was not previou%ge (in parentheses), as determined using the BANYANMol
known to exhibit an IR excess and was routinely observed witHii72n€ €t al. 2018). According to th|§, analysis, the majority of
the SHINE program. The median stellar mass of the full samil” Sample consists of eld sgars (50%), followed by members
is 1:43M , while for the subsample of targets with detected disid the  Pictoris MG (PMG, 9%). _ _
it is slightly lower at 138M (Fig. 1). The median age of our sample is 100 Myr, with approxi-
The sample comprises 18 binary systems (including Slom:ﬂ:@@tely half of the targets estimated to be between 10 and :"0
scopic, visual, and astrometric binaries, as well as spectroscdji¢ old (Fig. 1). The debris disks around the youngest Stffs
binary candidates (SBCs)), four triple systems, three quadruffelO Myr) such as Herbig ABe stars HD 141569 (e.g., Perrot
systems and two systems with higher-order multiplicityM) €t al. 2016) and HD 156623., as well as T Tauri stars like TWA:._ .7ﬂ
according to the Washington Double Star catalog (WDS; Mga_.g., OIo_fsson et al. 2018_, Ren et aI._ 2021), exhibit structures
son et al. 2001) as of January 15, 2024. In two of the triple sy¥ith multiple rings and spiral arms (Figs. 2 and B.1), features
tems, debris disks are known around twoetient components, typically associated with PPDs. The fractional IR luminosities
which were observed individually and listed separately in TR these young stellar objects are generally below 0.1, leading io
ble 9. These include HD 216956 (Fomalhaut A) and GSC 0698h€ir classi cation as dgbns disks. However, these systems may
1226 (Fomalhaut C), as well as HD 181296 (A componenffPresent an intermediate stage between the protoplanetary and
which shares a common proper motion with HD 181327 (B co ebris dlsl_< phase_s. We categorize such disks as transition gisks
ponent). Among the quadruple systems, HD 20320 consists®€ [0 their evolutionary status. o
a spectroscopic binary (SB) as its A component and an astro- Furthermore, transition d_|sks often contain h|_gh CO masss=s,
metric binary as its B component, while HD 98800 featuresc@mparable to those found in PPDs (Lieman-Sifry et al. 20%¢;
pair of SBs orbiting each other (Kennedy et al. 2019). Anoth#todr et al. 2017, 2019). Our sample includes several dekbris
guadruple star system in the sample is HD 102647 (Deneboldisk systems with a signi cant gas reservoir, commonly referred
to as hybrid disks: HD 9672 (Modr et al. 2011; Choquet et ai.

1 https//www.physik.uni-jena.d@195@catalog-of-resolved-debris-  2017; Pawellek et al. 2019), HD 21997 (Késpal et al. 2013},

disks HD 121617 (Perrot et al. 2023), HD 131488 (Pawellek et al.
2 |n Appendix F, we list all the symbols used in this work and provid@024), HD 131835 (Hung et al. 2015; Feldt et al. 2017), and
their de nitions. HD 141569 (Dent et al. 2005). In these hybrid systems, dust evo-
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Table 1: SPHERE subsystem paraméters

Science frame Pixel scale
formatin pixels  (mapixel)

IRDIS 1190 12500 1024 1024 1226 0:02@

IFS 1730 1:73%° 291 291 746 0:02
ZIMPOL 35% 350 1024 1024 361 0:01

Instrument Field of View

Notes.® The IRDIS plate scale is evaluated in the H2 lter with the
N_ALC_YJH_S coronagraph. For other IRDIS lters and coronagraphs
the plate scale should be adjusted.

Band lIter (VBB; . = 0:735 m, = 0:290 m). The ob-
servations of all SHINE targets were performed in either the
IRDIFS or IRDIFS_EXT modes (Langlois et al. 2021), whict
provide a simultaneous data acquisition with both IRDIS aind
IFS. With these instrument setups, the IRDIS is operated in the

Fig. 1: Distributions of stellar parameters for the observed t&fual-band imaging (DBI) mode (Vigan et al. 2010) with the Iter
gets. Light-colored histograms show all targets (with detectB@ir H2H3 (12 = 1:593 m, 2 = 0:052 m; 43 = 1:667 m,
and non-detected debris disks together), while the dark-colorects = 0:053 m) for the IRDIFS mode, or with the lter pair

histograms display the targets with detections only. KIK2 (k1 = 2110 m, g = 0:102 m; p = 2251 m,
k2 = 0:109 m) for the IRDIFS_EXT mode, whereas the

IFS is operated in the IRDIF$-J mode (095 1:35 m, with
lution may have progressed more rapidly than gas dissipat@spectral resolution dR = 50), or IRDIFS_EXTY-H mode
(Péricaud et al. 2017). (0:95 1:65 m, with a spectral resolution & = 35).

Similar to stellar ages, a wide range of metallicity values for The IRDIS and IFS datasets were processed at the High-
the same star can be found in the literature. Depending on fbentrast Data Cente(HC-DC, Delorme et al. 2017, formerly
method used to determine metallicity, discrepancies of up to &own as the SPHERE Data Center). For both instruments, the
dex can arise between dirent studies. To ensure consistencpre-processing steps are based on the SPHERE Data Reduction
we opted to use the median metallicity value from all studi@sd Handling pipeline (Pavlov et al. 2008) to correct for bad pix-
recorded in the SIMBAD database els, at- eld non-uniformity, optical distortions, and telescope cr

The target distances, listed in Col. 7 of Table 9, were deky background. In addition, for the IFS, the pre-processing in-
rived using stellar parallaxes from the Gaia DR3 catalog (Gaitudes a wavelength calibration and a correction for cross-talks
Collaboration et al. 2022). The closest object in our samplelistween spectral channels. Coronagraphic images are centered
HD 22049 ( Eridani), located at 3.6 pc from the Sun, while th&ia four satellite spots used to determine the accurate position of
most distant target is HD 149914 at 154.3 pc. Two-thirds of dlie star hidden behind the coronagraphic mask.
targets in the sample are located within 80 pc of the Sun, with Pre-processed IRDIS and IFS datasets form spectral and
a minor peak at 100 pc, corresponding to the distance of theemporal cubes of centered images, to which dedicated stzl-
Scorpius-Centaurus OB association, a region rich in young sthssubtraction algorithms can be applied. Such algorithms ii-
(Fig. 1). clude classical Angular Dierential Imaging (ADI; Marois et al.

2006), Principal Component Analysis (PCA; Soummer et 5!.

. i 2012; Amara & Quanz 2012) or the Locally Optimized Comk-
3. SPHERE observing modes and data reduction nation of Images (LOCI; Lafreniére et al. 2007), implemented i

The disk observations presented in this work were performi}f HC-DC inatemplate-oriented version (T-LOCI; Marois et &i.
with di erent SPHERE subsystems (see Table 1 and 4; Galicher etal. 2018). For several datasets, post-processing
SPHERE User Manu§l: the InfraRed Dual-beam Imager anda_mploymg the refer_ence-star @Fe”t'?" imaging (RDI) tech-
Spectrograph (IRDIS; Dohlen et al. 2008), the Integral Fie[jaue was also applied, as described in Xie et al. (2022).
Spectrograph (IFS; Claudi et al. 2008) and the Zurich Imaginlg The IRDIS polarimetric datasets were processed using the

POLarimeter (ZIMPOL; Schmid et al. 2018). A variety of instrulRDAP pipeline (van Holstein et al. 2020), while the ZIMPOL.
ment modes were used, including pupil- and eld-stabilized coRolarimetric datasets were reduced with a pipeline developed at

gurations, along with di erent Iters ranging from optical to £TH Zdrich, as described in Engler et al. (2017) and Hunziker
near-IR. Observations were conducted with classical or apodifdg- (2020). Both pipelines are currently implemented in the

pupil Lyot coronagraphs (Boccaletti et al. 2008; Carbillet et df<-DC and include, as part of the pre-processing steps, sub-
2011; Guerri et al. 2011), or in some cases, without a cororiEaction of bias and dark frames, at- elding, and correction fcr
graph. instrumental polarization. Additionally, the ZIMPOL frames arz

Many disks were observed only once using either clas§prrected for modulation and demodulation@ency (Schmid
cal or polarimetric imaging (de Boer et al. 2020; van Holsteff al. 2018).

et al. 2020) modes of IRDIS with the broadband H Iter, (= In both pipelines, the Stokes paramegandU images are
1:625 m, = 0:290 m), or polarimetric imaging mode of computed from the calibrated and centered polarimetric framzs

ZIMPOL (Schmid et al. 2018), often employing the Very BroaSing the double-dierence method. Thes® and U images
are then transformed into the azimuthal Stokes paran@ter

3 httpsi/simbad.cds.unistra/imbad
4 httpsi//www.eso.orgscifacilities/paranalinstrumentsspherédoc.html ° httpsi/hc-dc.cnrs.fr
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andU. : Table 2: Parameters of spatially resolved debris disks.
= cos2 Usin2 :
Q= 0Q Debris belt ol ' PA Tob
U =Qsin2 Ucos2; (au) (deg) (deg) (K)
) ] ~ GSC07396-0759 8810 830 15 1490 20 18
where' is the polar angle measured east of north in a coordinatelD 105 87 3 505 35 139 30 32
system centered on the star, and the sign convelior Q HB 32;2 fﬁ ?0 ggg %g 14(?8% 1270 Z;
and U = Uis adopted from Schmid et al. (2006) (see alsoHD 15115 out 98 10 858 27 2789 18 40
Monnier et al. (2019)). HD 15115 inn 64 10 858 58 2789 7:0 49
HD 16743 149 15 795 29 1695 30 35
] HD 30447 89 15 760 50 330 20 41
4. Morphology of resolved debris belts HD 32297 117 10 921 1:3 477 09 43
o HD 35841 66 7 813 19 1659 255 43
Out of 161 targets, 51 debris disks were successfully detectedb 36546 out 110 30 793 55 785 52 55
with SPHERE in total intensity of scattered light (Fig. 2), lin- HD 36546 inn 55 20 793 55 785 52 77
i i i i _ HD 36968 160 24 1020 35 320 17 31
early polanzed_ intensify (Fig. 5), or both. Four of these de D 38506 144 15 887 26 819 25 53
bris disks, BD-20 951 (Perrot et al. in prep.), HD 36968 an D 38397 115 15 553 55 1320 90 28
the inner belts of HD 218396 (HR8799) and HD 36546 sys,5 39060 out 110 10 900 10 230 15 48
tems had not been imaged with any instrument before. Debrig : : . :
” . D 39060 inn 65 10 922 1.0 270 30 60
disks HD 38206, HD 36546, HD 38397 (Perrot et al. in prep.)HD 61005 67 3 823 13 710 12 31

HD 98800, HD 182681 are resolved in scattered light for the rstHD 92945 out 119 10 640 50 1000 20 20

time. Scattered light images of the HD 105, HD 377, TWA 25HD 92945 inn 56 10 640 50 1000 2:0 30
(Langlois et al. in prep.), HD 30447, HD 92945, HD 145560, HD 98800 31 04 350 100 120 50 (..
HD 192758 and HD 202917 debris disks have previously beefl_ilg iggggg ;g 623 19041277 211% 12%5$ 11104 ?‘l‘r
obtained with instruments such &ST or GPI. However, the - :
SPHERE images of these disks have not yet been published. T ﬁ(l)ggg é'g i% ggg 2;8 %ggg % Z?
majority of detections were around F-type stars, with 23 discovpyH 1715570 115 6 760 22 980 25 35
i ding to a 45% detection rate in our sample (Fig. : »
ﬁBSZ’r ‘fgf'ftrg;ﬁzg 114082 352 832 L1 1057 14 66
. HD 115600 46 3 1044 32 248 1.7 62
We determined the radii of the resolved debris belts by ana4p 117214 49 3 1072 12 1793 02 61

lyzing ther?-scaled images of total or polarized intensities. TheHD 120326 out 1196 997 35 860 23 38
radial position of the peak surface brightness (SB) along th&lD 120326 inn 50 6 997 35 860 23 58

L - : ; ; i D 121617 82 3 1356 1.5 610 20 61
ks nelor g was megured,apd e esulng Ak COURD 5obos o G5 Bo 3 By Zo 41
SRbeIt' : ) HD 129590 inn 49 6 808 32 1197 29 53

tion and position angle (PA) of each disk, provided in Table 24p 131488 102 10 945 10 965 19 53
were derived by tting ellipses to the visible contours of the diskHD 131835 out 1055 754 17 585 20 48
rims. Additionally, disk images with a higher signal-to-noise ra-HD 131835 inn 70 5 754 1.7 585 20 59

tio (S/N) were modeled in more detail to obtain the fundamentaHD 141011 129 6 697 15 1555 25 31
geometrical and scattering parameters necessary for a comph 141943 out 100 10 990 1:9 143 35 34
hensive characterization of disk properties (Sect. 4.5.1). HD 141943 inn 81 10 990 19 1463 35 38
In all images presented in Figs. 2 and 5, sky north is oriente B ﬂg?gg 88 %8 %g g;g ggg g;g g%
upward and east to the left. The PA de nes the orientation o,5 146397 62 15 844 10 1149 08 48
the disk's major axis on the sky and is measured countercloclED 156623 55 10 330 40 1020 70 71
wise from sky north to east. The PA values of the eastern diskp 157587 82 9 1105 18 1300 20 42
extensions are listed in Col. 4 of Table 2 @ PA6 180). The  HD 160305 104 10 818 22 1225 15 31
inclination of a debris disk is conventionally de ned as the angleHD 172555 10 3 1050 23 1120 24 147
between the sky plane and the disk's minor axis, where a pole-arD 181327 82 3 280 25 1000 14 40
disk has an inclination of Q and an edge-on disk has an incli- HD 182681 160 10 739 1.5 565 29 51
nation of 90. In this study, disk inclinations (Col. 3 of Table 2) HD 191089 474 1207 15 706 16 53
follow the convention that an inclination is less than 9then HB ig%g? 9389 112 ggg ?;8 1923951 50% gg
the brighter side of the disk is oriented southward, whereas agD_zo 951 1227 821 21 315 20 21
inclination is greater than 9@vhen the brighter side is oriented a7 out 93 8 100 90 955 100 17
northward. TWA 7 inn 52 4 100 90 955 100 23
TWA7 2inn 27 4 100 90 955 100 31

TWA 25 76 2 1017 1.5 1568 1.8 23

4.1. Disk radii in SPHERE versus ALMA observations
Notes. The columns list target IDs, measured disk radii}f), disk

We detect planetesimal belts in 33 debris disks which h P
also been resolved with ALMA and SMA at wavelengths %’p%lmatuons 0. PAs, and the BB temperature of the dust grais)

0:856 1:34 mm as part of the REASONS survey (Matra et al.

2025). The nature of dust emission observed in scattered light

images (from optical to near-IR wavelengths) and thermal emis- o )

sion images (from mid-IR to mm wavelengths) is fundamentalLMA and SMA originates from the absorption of stellar phc-
di erent. In SPHERE images (both total and polarized intengns by dust particles, which raises their temperature and leads to
ties), we observe stellar photons scattereddaist grains into re-emission at longer wavelengths. Additionally, scattered light
our line of sight. In contrast, the thermal emission detected ipages trace predominantly dust particles with sizes smaller than
a few microns, whereas sub-mm imaging is more sensitive to
& Hereafter, we refer to the total intensity of scattered light as scatb-mm particles. As a result, the disk morphology, particularhy
tered intensity or scattered light, and the linearly polarized intensity thfe radial position and extent of the belt, can eh between
scattered light as polarized intensity or polarized light. scattered-light and thermal-emission images.
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Fig. 2: Images of the total intensity of scattered light from debris disks detected with IRDIS, IFS, or ZIMPOL. The white bar at the
bottom of each image corresponds 8 In all images, sky north is up and east is to the left.
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Fig. 2: Images of the total intensity of scattered light from debris disks detected with IRDIS, IFS, or ZIMPOL. The white bar at the
bottom of each image corresponds f§ In all images, sky north is up and east is to the Igiont.)

distribution. Consequently, the derived belt radii represent tha
centroid radii of this distribution.

To ensure consistency, we excluded from this comparison the
REASONS targets that were only marginally resolved in mil-
limeter observations or exhibited more than one planetesir:al
belt, with two exceptions:

— HD15115: The radial locations of its two cold belts were
taken from the two-belt model t of the ALMA image pre-
sented by MacGregor et al. $2019).

— HD92945: The SB pro le of the disk, as shown in Fig. 2
by Marino et al. (2019), was used to determine the radiai
positions of its two belts in ALMA images.

Figure 3 demonstrates a good agreement between the belt radii
measured from SPHERE and ALMA images, indicating a near
1:1 relationship between the locations of the radial SB peaks in
near-IR scattered light and thermal emission images. A linear t
to the data (black solid line in Fig. 3) yields a slope @i 0:04,
representing the rati®y:°(near-IR)/ Ryeir (Mm). This value is
lower than the average ratio of 1.39 reported by Esposito et zl.
: . . 2020) in a similar comparison. This nding highlights the need

Fig. 3: Radii of planetesimal belts measured fromthecaled gor hig)her-sensitivity an% higher—resolutior? obgser%ations to bet-

scattered-light images (SPHERE) versus centroid radii of Gawsr understand the connection between disk structures obserad

sian distributions tted to the thermal images (ALMA andn scattered light and thermal emission.

SMA). The violet dashed shows the 1:1 relation. The black solid

line shows the empirical linear t to the data, with a slope of

1:05 0:04. The blue-shaded regions indicate the 68% and 953bg- Ratio of radii in multiple belt systems

con dence intervals for the tted line. Observations across multiple wavelengths, from optical to mit-
limeter, suggest that many young debris disks likely consist of
multiple planetesimal belts (e.g., Golimowski et al. 2006; Bo:-
nefoy et al. 2017; Marino et al. 2019). This is further supported
) . . . . by the fact that many disk SEDs are better modeled using two
. Since the spatial resolution of many millimeter observatiofgackbody (BB) components with distinct equilibrium temper-
IS SU Clently hlgh to examine the relatlonShlp between begtures Tbb): requiring dust popu]ations at dgrent radial dis-

radii measured in both near-IR and millimeter wavelengths, I\_iygnces from the host stage.g., Chen et al. 2014)
analyze this correlation and present our results in Fig. 3. For s ' '

this comparison, we used disk radii measured fngascaled 7 Note, however, that caution is required when interpreting SED-
SPHERE images (Col. 2 in Table 2), while the belt radii olderived double belts. It has been demonstrated that when a signi cant
served in thermal emission were obtained from the REASONSpulation of submicron grains is present, as expected in bright and
survey (Tables 1 and A.1in Matra et al. 2025). In that study, &lighly collisional debris disks, the SED of a single belt disk can mimic
targets were tted with a single planetesimal belt model, whetieat of a double belt system, with temperature ratios between the two
the radial surface density of particles is described by a Gausdbeits reaching up to a factor of 2 (Thebault & Kral 2019).
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