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Abstract

Dust particles are the building blocks from which planetary bodies are made. A major goal of studies of planet-
forming disks is to constrain the properties of dust particles and aggregates in order to trace their origin, structure,
and the associated growth and mixing processes in the disk. Observations of the scattering and/or emission of dust
in a location of the disk often lead to degenerate information about the kinds of particles involved, such as the size,
porosity, or fractal dimensions of aggregates. Progress can be made by deriving the full (polarizing) scattering
phase function of such particles at multiple wavelengths. This has now become possible by careful extraction from
scattered light images. Such an extraction requires knowledge about the shape of the scattering surface in the disk,
and we discuss how to obtain such knowledge as well as the associated uncertainties. We use a sample of disk
images from observations with the Very Large Telescope/SPHERE to, for the first time, extract the phase
functions of a whole sample of disks with broad phase-angle coverage. We find that polarized phase functions
come in two categories. Comparing the extracted functions with theoretical predictions from rigorous T-Matrix
computations of aggregates, we show that one category can be linked back to fractal, porous aggregates, while the
other is consistent with more compact, less porous aggregates. We speculate that the more compact particles
become visible in disks where embedded planets trigger enhanced vertical mixing.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Planet formation (1241); Protoplanetary disks (1300);

Circumstellar disks (235); High contrast techniques (2369); Direct imaging (387); Polarimetry (1278)

1. Introduction

Gas- and dust-rich circumstellar disks are the sites of
ongoing planet formation. However, the early stage of planet
formation, such as the formation of planetesimals, remains a
matter of discussion, as it comes with a number of barriers
inhibiting grain growth and the formation of planetesimals
(e.g., Brauer et al. 2008; Zsom et al. 2010; Birnstiel et al.
2012). The sizes and structures of growing dust aggregates are
of crucial relevance to the barriers because these quantities
influence the sticking and aerodynamic properties (Ormel et al.
2007; Zsom et al. 2010; Okuzumi et al. 2012; Kataoka et al.
2013; Krijt et al. 2016; Lorek et al. 2018; Garcia &
Gonzalez 2020; Kobayashi & Tanaka 2021; Estrada et al.
2022) Thus, by determining these properties by disk observa-
tions, one can conclude the early planet formation and transport
processes, including vertical mixing.

The past decade was revolutionary for resolved observations
of young planet-forming disks in the near-infrared. Driven by
advances in instrumentation, several large surveys have been
conducted or are still ongoing, such as SEEDS (Tamura 2016),
DARTTS-S (Avenhaus et al. 2018; Garufi et al. 2020), Gemini-
LIGHTS (Rich et al. 2022), and SPHERE-DESTINYS (Ginski
et al. 2021). A summary of the field was recently presented by
Benisty et al. (2022). Due to these ongoing observational
programs, more than 150 systems have now been observed in
(polarized) near-infrared scattered light. A large diversity of
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substructures has been discovered, such as rings, gaps, and
spirals, which are typically associated with ongoing planet
formation (see, e.g., Benisty et al. 2022). The analysis of the
scattered light data has often focused on either the basic disk
geometry, tracing illumination and shadowing (e.g., Garufi
et al. 2022) as a function of disk aspect ratio and disk
symmetry, or on the disk morphology (e.g., Garufi et al. 2018).

However, the appearance of these objects in (polarized)
scattered light is also strongly dependent on the properties of
the dust grains or aggregates in the upper disk atmosphere (see,
e.g., Min et al. 2005). In particular, the scattering-angle-
dependent amount of flux that we receive from the different
regions of the disk, the so-called (polarized) scattering phase
function, encodes dust grain and aggregate properties (Tazaki
et al. 2019). While the extraction of polarized scattered light
phase functions has been done for geometrically flat debris
disks (e.g., Milli et al. 2017, 2019; Olofsson et al. 2020; Engler
et al. 2023), it is less common for young gas-rich disks, due to
their more complex geometry. So far, this has only been done
for the disks around the Herbig stars HD 97048 (Ginski et al.
2016) and HD 100546 (Quanz et al. 2011; Stolker et al. 2016)
in polarized light and the T Tauri star multiple system GG Tau
(McCabe et al. 2002) in total intensity.

In this study, we gathered a sample of 10 disks for which the
surface height profile has been determined in the literature from
near-infrared scattered light observations. The sample is
comprised of Herbig and T Tauri stars, with the earliest
spectral type being the B9.5 star HD 34282 and the latest
spectral type the MO star IM Lup. The systems cover a range of
ages, from 1.1 Myr (IM Lup; Avenhaus et al. 2018) to 12.7 Myr
(MY Lup; Avenhaus et al. 2018). All systems had also already
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Table 1
Spectral Types and Dust Masses of our Sample Systems
System SpType Mgy (M) References
RXJ 1615.3-3255 K5 140 (1), (12)
HD 163296 Al 75 ), 3)
IM Lup MO 54 1), (3)
LkCa 15 K5.5 33 ), 3)
PDS 66 K1.5 15 ), 3)
PDS 70 K7 12 1), (3)
2MASSJ18521730-3700119 K4 13 6), 3)
V 4046 Sgr K4 48 (7), (10)
HD 34282 B9.5 87 (8), (11)
MY Lup KO 53 ), ®

References: (1) Luhman (2022); (2) Sartori et al. (2003); (3) van der Marel &
Mulders (2021); (4) Krolikowski et al. (2021); (5) Pecaut & Mamajek (2016);
(6) Herczeg & Hillenbrand (2014); (7) Pecaut & Mamajek (2013);
(8) Kharchenko (2001) (9); Mulders et al. (2017); (10) Martinez-Brunner
et al. (2022); (11) Stapper et al. (2022); and (12) van der Marel et al. (2019).

been observed at (sub)millimeter wavelengths, which allowed
the estimation of dust masses based on their continuum flux.
Our sample spans roughly an order of magnitude between the
lowest-mass disk around PDS 70 (13 M) and the highest-mass
disk in the RXJ 1615.3-3255 system (140 M.,). A summary of
all included systems with the appropriate references is given in
Table 1. Due to the ring-shaped substructure in most of these
disks, planet formation is thought to be ongoing. In particular,
our study includes the PDS 70 system, in which two young
planets have been detected inside the disk cavity (Keppler et al.
2018; Haffert et al. 2019), and the HD 163296 system, for
which the presence of two wide separation planets has been
inferred from Atacama Large Millimeter/submillimeter Array
gas kinematic observations (Pinte et al. 2018; Teague et al.
2018). In the following section, we briefly describe the
observational data. In Section 3, we discuss how the phase
functions were extracted, while we discuss their interpretation
in light of dust aggregate models in Section 4. We summarize
our results in Section 5.

2. Observations and Data Reduction

All data sets used in our study have been obtained with the
Very Large Telescope/SPHERE (Beuzit et al. 2019) and its
near-infrared camera IRDIS (Dohlen et al. 2008). The
instrument was operated in dual-beam polarization imaging
mode (de Boer et al. 2020; van Holstein et al. 2020), in either J
or H broadband filters, to obtain (linear) polarized scattered
light images of the circumstellar disks in each system. An
overview of the observation setup and conditions is given in
Table 3 in Appendix A. In all cases, the innermost 92.5 mas
around the stellar position were covered by the standard YJH_S
apodized Lyot coronagraph (Carbillet et al. 2011) and are
therefore inaccessible for the analysis. All data sets that are
included in our study have been previously discussed in the
literature. We give the relevant references in Table 2. The data
reduction has in all cases been carried out with the public
IRDAP (IRDIS Data reduction for Accurate Polarimetry; van
Holstein et al. 2020) pipeline with default settings.” This
includes a full-model-based determination and removal of

® hitps:/ /irdap.readthedocs.io
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instrumental polarization, as well as the measurement and
subsequent subtraction of astrophysical stellar polarization.

3. Phase Function Extraction

To minimize the effect of multiple scattering on the extracted
phase functions, we use in all cases the Qg images for the
extraction. The Q, images are defined such that they contain
only the azimuthal polarization component, relative to the
central star, as positive signal (see Monnier et al. 2019 for a
detailed description), i.e., the expected polarization orientation
due to single scattering events. We discuss the remaining
influence of multiple scattering in detail for the case of IM Lup
in Tazaki et al. (2023).

3.1. Surface Height Profiles

The key challenge in extracting the scattered light phase
function of young gas-rich disks is the uncertainty of the
vertical structure. Here we are particularly interested at which
height above the disk midplane the optical depth 7 becomes
equal to 1, i.e., the surface layer from which the majority of the
disk scattered light originates. For ease of use within the further
discussion, we will refer to this as the surface height of the disk
within this study.’

While the surface height may generally be inferred from
detailed radiative transfer modeling, there exists a subclass of
disks for which it can be directly determined from the data
themselves. As shown by de Boer et al. (2016) and Ginski et al.
(2016), the disk surface height can be computed for disks with
radial substructures, such as multiple rings. This is done by
measuring the inclination of the ring and its offset along the
minor axis from the central star position in the image. This
directly gives the surface height at the ring location. If there are
multiple rings, then the radial dependence of the disk surface
height can be directly traced. Both of the mentioned studies
found that the surface height profile for the two studied target
systems (RXJ 1615 and HD97048) can be described reasonably
well with a single power-law profile of the form:

H(r) = Hyet/ (frer/1au)**(r/1au)®, ey

where H(r) is the radial-dependent surface height, H.¢ is a
reference height at reference separation 7. (all in astronomical
units), and « is the flaring exponent. Avenhaus et al. (2018)
found that the surface height profile for five disks in their study
could all be described by the same power-law profile with a
flaring exponent of o= 1.22+0.03. This indicates that for
single-ringed disks, i.e., when only a surface height at a single
radial separation is known, we may still infer a reasonable
guess of the radial-dependent surface height profile by using
the height measurement as a reference height in the power law
and by assuming a standard flaring exponent of o = 1.22. For
our sample, we draw the surface profile parameters from the
literature. For the RXJ 1615, IM Lup, and V 4046 Sgr multiring
systems, we use the specific power-law profiles fitted by
Avenhaus et al. (2018). For the HD 34282 multiring system, we
likewise use the power-law profile given by de Boer et al.
(2020). For the remaining single-ringed disks, we use the

7 We note that this is not identical to the pressure scale height of the disk,
which is typically a factor 3—4 smaller than the scattered light surface height
(Chiang et al. 2001).
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Table 2
Values for the Surface Height Geometry of the Studied Disks
System d i PA h/r8 Tref « Ref.
(po) ©) ©) (au)
RXJ 1615.3-3255 Nominal 155.6 472 145.0 0.091 161.8 1.12 3)
Min 0.140 162.3 1.02
Max 0.059 161.3 1.22
HD 163296 Nominal 101.0 46.0 134.8 0.086 63.6 1.22 1), 2), (3)
Min 0.081 68.7 1.19
Max 0.090 58.6 1.25
IM Lup Nominal 155.8 55.0 325.0 0.046 149.6 1.27 3)
Min 0.095 154.3 1.07
Max 0.022 144.9 1.47
LkCa 15 Nominal 157.2 50 60 0.074 57.7 1.22 3), 4), (5
Min 0.059 60.1 1.19
Max 0.089 53.7 1.25
PDS 66 Nominal 97.9 30.3 189.2 0.052 84.2 1.22 3)
Min 0.055 84.7 1.19
Max 0.050 83.5 1.25
PDS 70 Nominal 112.4 49.7 158.6 0.041 99.1 1.25 ©), (7)
Min 0.044 105.1 1.22
Max 0.039 93.2 1.28
2MASSJ18521730-3700119 Nominal 147.1 30 124 0.046 434 1.10 ®)
Min 0.065 452 1.00
Max 0.034 41.6 1.20
V 4046 Sgr Nominal 71.5 322 74.7 0.017 26.7 1.61 3)
Min 0.027 26.8 1.47
Max 0.012 26.6 1.74
HD 34282 Nominal 308.6 57.0 118.0 0.064 86.4 1.35 )
Min 0.071 89.5 1.27
Max 0.057 83.3 1.43
MY Lup Nominal 157.2 77.0 239.0 0.073 121.0 1.22 3)
Min 0.073 125.8 1.19
Max 0.072 116.3 1.25

Notes. We give the nominal values used as well as the values for the minimal and maximal surface height that we considered. The references are: (1) Muro-Arena et al.
(2018); (2) Isella et al. (2016); (3) Avenhaus et al. (2018); (4) Thalmann et al. (2014); (5) Thalmann et al. (2016); (6) Keppler et al. (2018); (7) Hashimoto et al. (2012);

(8) Villenave et al. (2019); and (9) de Boer et al. (2021).

literature values for the surface heights of the rings as reference
heights and the standard flaring exponent of a=1.22 by
Avenhaus et al. (2018). For the RXJ1852 and PDS 70 systems,
a different flaring exponent was inferred from radiative transfer
modeling by Villenave et al. (2019) and Keppler et al. (2018),
respectively, and we make use of their fitted values.

In order to capture the uncertainty of the extracted phase
functions due to the uncertainty of the surface height, we
always consider three scenarios for each system: (1) the
nominal surface height profile; (2) a strongly “flared” profile;
and (3) a “flat” profile. The flared and flat profiles consider the
uncertainty of the reference height, the reference separation,
and the flaring exponent. For the “flared” profile, we use the
upper bound on the reference height, the lower bound on the
reference separation, and the upper bound on the flaring
exponent, while we switch the lower and upper bounds for each
parameter for the “flat” profile. We summarize all profile
parameters for each system in Table 2 and illustrate all three
profiles (nominal, flared, and flat) for the RXJ 1615 system in
the top panel of Figure 1. In the bottom panel of Figure 1, we
show the corresponding deviations in scattering angle between
the “flared” and “flat” surface profile extremes. While we see
deviations of up to ~5° in the inner disk region, these are
smaller in the outer disk. We note that the intermediate region
between the inner disk and outer edge, which shows deviations

of less than 1°, is close to the reference separation for which the
reference height was directly measured by Avenhaus et al.
(2018). Thus, the deviation in this region is dominated by the
(small) uncertainties of these quantities. We show similar
figures for the maximum deviation of the scattering angle for
our complete sample in Figure 7 in the Appendix B.
Unsurprisingly, the largest deviations are found close to the
outer disk edge for the systems with large uncertainties in their
flaring exponent, i.e., IM Lup and HD 34282 in particular. In
general, we are avoiding these outer disk regions for phase
function extraction and typically consider regions for which the
uncertainty in scattering angle is less than ~10°, with the main
exception being the two aforementioned systems. However, as
we explain in the following section, we do for all systems
incorporate the resulting deviations of the extracted phase
functions between all three surface height profiles in their
uncertainties.

3.2. Extraction with Diskmap

For the extraction of the phase functions, we use the publicly
available diskmap Python package by Stolker et al. (2016).°
While the package is described in detail in Stolker et al. (2016),
we give a brief summary here of the extraction steps. As

8 https:/ /diskmap.readthedocs.io
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Figure 1. Top: exemplary 7 = 1 surface profile for the RXJ 1615 system, as
used in our phase function extraction. The solid black curve indicates the
nominal surface profile, while the blue dotted and red dashed curves indicate
the flared and flat extremes, respectively. We consider these as the boundaries
for the region of uncertainty. The inset shows the region inside 50 au on a log
scale for clarity. Bottom: maximum deviation of the scattering angles between
the flared and flat disk profiles for each position within the image of the
RXJ 1615 system. We find the largest deviation of up to 5° close to the star and
significantly smaller deviations farther out. Note that the dark region with the
smallest deviations was used for normalization of the surface power-law
profile.

described in the previous section, the 7= 1 surface for all our
system is described by a single power-law profile. Given this
profile and the inclination of the disk, diskmap calculates for
each pixel in the image the distance from the central star and
subsequently the angle under which scattered light is received
from this part of the disk. We show this for the RXJ 1615
system in Figure 2 (middle panel). The flux is corrected for the
square-distance-dependent illumination dropoff and is then
extracted for each pixel, giving a single data point for the
polarized scattering phase function. These data points are then
placed in bins of scattering angles with a width of 5°. For each
bin, the median scattering angle of all the included pixels and
the median flux is computed, giving the final data point for this
angular bin. The standard deviation within each bin is used as a
measure for the uncertainty of the phase function and captures

Ginski et al.

effects due to the width of the bin, as well as photometric
uncertainties.

To include the uncertainty of the surface height profile, we
repeat the extraction for the “flat” and the “flared” extreme cases
and calculate for each angle bin the flux difference. We consider
this difference as the uncertainty of the phase function introduced
by the uncertainty of the surface height profile. We quadratically
combine this uncertainty with the standard deviation in each bin
for the nominal extraction and consider the result as the total
uncertainty of the extracted phase function at each angle.

For each system, we selected extraction regions centered on
known bright ring features. Since the surface height profile is
directly measured at the ring locations, this minimizes the
introduced uncertainty, while simultaneously selecting the region
of the disk with the highest signal-to-noise ratio. If multiple rings
are present, then we separately extracted the phase function for
each ring. In Figure 2, we show the two selected extraction
regions for the RXJ 1615 system. The extraction and individual
phase functions for all systems are shown in Appendix B.

In Figure 3, we show the final extracted phase function for
all systems and photometric bands. We note that in Figure 3,
we show the average phase function for the IM Lup and
V 4046 Sgr systems, instead of extractions for individual rings.
For the HD 163296 and RXJ 1615 systems, we show phase
functions after correction for azimuthal shadowing, as
discussed in the following section.

3.3. Effects of Azimuthal Shadowing

An aspect that may complicate the extraction of the phase
function in some systems is azimuthal shadowing, since it
changes the brightness of the disk regions due to reduced
illumination, an effect that needs to be separated from the phase
function. There are now a number of known class II objects for
which shadows are observed in scattered light (see Benisty
et al. 2022 for an overview and detailed discussion). One of the
most iconic systems is probably HD 142527 (Canovas et al.
2013; Avenhaus et al. 2014), for which the inner and outer disk
are strongly misaligned (70°; Marino et al. 2015), leading to
two narrow shadows being projected on the outer disk. Such
narrow and well-defined shadows are not of major concern for
the extraction of the overall phase function, as the small region
affected by the shadows can simply be excluded. However, as
was shown for the HD 139614 system by Muro-Arena et al.
(2020), small misalignments or warps in the disk can lead to
very broad and somewhat diffuse shadowing, which covers in
extreme cases an azimuthal range of more than 180°. For such
systems, the problem is twofold. On the one hand, the
exclusion of large azimuthal regions of the disk from the
extraction may severely limit the range of scattering angles for
which the phase function can be extracted. On the other hand,
these shadows are less well defined, making it more difficult to
decide which regions of the disk might be trusted for phase
function extraction.

To estimate if the disks in our sample may be affected by
broad shadowing effects, we performed a simple analysis. If
there is no shadowing present and the brightness distribution of
the disk structures is solely due to the dust scattering phase
function,” then we would expect the disk surface brightness to

% We imply the following assumptions here: that there are no azimuthal
variations in the dust grain size distribution or composition, that the disks are
not eccentric, and that there are no or only small azimuthal variations in surface
density.
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Figure 4. Polarized scattered phase functions of the RX 1615 H-band data
extracted from the brightest ring in the data set between projected separations
of 146 and 181 au. The blue dashed phase function was extracted from an
azimuthal region of 180° centered on the northwest ansae of the disk, while the
red solid curve was extracted from a region centered on the southeast ansae.
Both phase functions were normalized at scattering angles of 90°. The
differences may be explained by azimuthal shadowing of the extraction region
due to an inner disk component, which strongly affected the southwestern
region.

be axis-symmetric relative to the disk minor axis. Thus, for all
our systems, we flipped the disk images around the minor axis
and then divided the original image by the flipped image. This
indicates the brightness ratio between the two “mirrored” sides
of the disk. We show the axis-symmetric brightness ratio for all
systems in the appendix in Figure 17. For most systems, the
deviation in brightness is smaller than a factor ~2, with the
notable exceptions of the RXJ 1615 system (up to factor ~4),
the HD 163296 system (up to factor ~5), and the HD 34282
system (up to factor ~6). We thus consider that the RXJ 1615
and HD 163296 systems may be affected by broad shadowing.
This was in fact discussed for both systems in the literature by
de Boer et al. (2016) and Muro-Arena et al. (2018),
respectively. In the case of HD 34282, de Boer et al. (2021)
discuss a possible spiral within the disk, thus in this case we
may instead trace a genuine azimuthal asymmetry in the dust
surface density rather than shadowing effects.

To give an indication how strongly these shadowing effects
may affect the extracted phase function, we performed two
separate extractions for the RXJ 1615 system, choosing the
bright ring between deprojected radii of 146 au and 181 au.
One extraction only considered the brighter northwest side of
the disk, while the second extraction only considered the fainter
southeast side, i.e., the side of the ring more strongly affected
by shadowing. The results are shown in Figure 4 (both phase
functions were normalized at scattering angles of 90°). While
the profiles somewhat match between 60° and 90°, they deviate
significantly at larger and smaller scattering angles. In
particular, the phase function extracted from the southeast half
of the disk shows more relative flux in both ranges. If we
consider that the shadow is centered on the southeast ansae, this
might be explained by the stronger shadowing close to 90°
scattering angles or, put in a different way, the disk may rise
out of the shadow at regions seen under small and large
scattering angles.
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We note that there is no geometric reason why the disk
should specifically be warped or misaligned around the minor
axis. In practice, there will in fact most likely be a deviation
between the disk minor axis (defined by our arbitrary viewing
geometry) and the warp or misalignment axis around which the
disk tilts as a function of radial separation from the central star.
However, if the axis of misalignment were closer to the disk
major axis, then one would not expect a strong brightness
asymmetry between the two disk ansae, as seen in Figure 17. de
Boer et al. (2016) also noted that the brightness asymmetry
seemed to switch sides between subsequent ring structures in
the disk, i.e., in the next outer (overall fainter) ring, the
southeast ansae is brighter than the northwest ansae, indicating
a continuous warp in the disk. If the disk near or far side were
strongly affected by this effect, then one may expect strong
changes in brightness asymmetries between the disk near and
far side seen in subsequent rings. This does however not seem
to be the case. We can thus conclude that the broad shadowing
effect is likely centered at least near the disk ansae. This is
further supported by the fact that the phase function extracted
from the southeast side of the disk, shown in Figure 4,
increases the relative flux level toward both the forward- and
back-scattering sides of the disk. If the shadow were not
centered close to the southeast ansae, then we would naively
expect either a steeper phase function relative to the northeast
at larger scattering angles or a flatter phase function at small
scattering angles.

Given our analysis, we thus consider the phase function
extracted from the northwest side of the disk in the RXJ 1615
system to be minimally or in any case less affected by
shadowing and use it for further analysis and comparison to
other systems. This phase function is shown as the black solid
line in Figure 2 (named “symmetric” in the legend, as this is the
phase function of the point-symmetric version of this disk
relative to the minor axis). For the HD 163296 system, we then
follow the same strategy and choose the northwest side of the
disk for phase function extraction, as it appears less affected by
shadowing compared to the southeast.

For the HD 34282 system, the situation is different, as the
detected asymmetry likely traces a genuine asymmetry in the
dust surface density profile, possibly due to spiral density
waves in the disk gas. It is then not clear which regions may be
best suited to extracting an unbiased scattering phase function.
We thus include in this case the full azimuthal range in the
extraction and caution that a more detailed analysis of the
system with dedicated radiative transfer modeling should be
performed in the future, to revise our preliminary results.

3.4. Limb Brightening

In addition to shadowing effects, the shape of the phase
function may be influenced by the viewing geometry. In recent
studies of optically thin debris disks, Olofsson et al. (2020) and
Engler et al. (2023) found that the relative flux extracted at
~90° scattering angles, i.e., close to the disk ansae, may be
enhanced compared to the intrinsic phase function of the
present dust particles, due to a higher column density along the
line of sight. This effect is sometimes referred to as “limb
brightening” (Engler et al. 2023). The systems in our sample
are all at an earlier evolutionary stage before the gas dispersal
in the disk, and it is generally assumed that they are optically
thick at near-infrared wavelengths (Chiang & Goldreich 1997).
Thus, we do not expect that the column density along the line
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of sight will change significantly for different scattering angles.
However, due to the flaring surface height profiles of these
systems, we may instead expect an artificial increase in the flux
ratio between the disk forward- and back-scattering sides, i.e.,
between small and large scattering angles. At small scattering
angles (on the disk near side), the line of sight encompasses
more of the illuminated disk surface than is the case for large
scattering angles (on the disk far side). We discuss this effect in
detail for the IM Lup system in Tazaki et al. (2023). Using
radiative transfer models, we found in this study that the effect
depends on the inclination, the local aspect ratio, and the flaring
exponent of the disk surface height profile. For the specific case
of the IM Lup system, this may introduce a ~25% brightening
for scattering angles smaller than ~50°. However, we caution
that this strongly depends on the dust composition, i.e., for dust
with high scattering albedos, limb brightening may be much
smaller or even insignificant, because multiple scattering
reduces the polarized flux at smaller scattering angles and
starts to (at least partly) counteract this effect. Dedicated
radiative transfer modeling is required to determine the
influence of this effect for individual systems.

In a more general sense, this limb-brightening effect will
typically not strongly alter the shape of the phase functions for
optically thick disks, such as the ones discussed in our current
study. Rather, it will slightly increase the slope of the overall
phase functions. We note that there may be one exception to
this, which is the MY Lup system, which is seen under a
particularly high inclination of 77°. The extracted phase
function in Figure 3 is strongly peaked toward small scattering
angles. Based on the results in Tazaki et al. (2023), we find it
likely that the intrinsic phase function of dust particles in
MY Lup has a significantly smaller slope, possibly with no
upturn at small scattering angles. As we summarize in Table 2,
the remaining systems in our study have either a comparable
inclination to IM Lup (this is the case for HD 34282) or are
seen under significantly smaller inclination. Thus, while the
effect should be considered for future detailed modeling of
individual systems, it will not strongly affect the general
population level trends that we recover.

4. Results and Discussion
4.1. Qualitative Inference of Dust Properties

Figure 3 shows that the extracted polarization phase
functions are diverse in terms of their shapes. The shapes can
be roughly divided into two categories: those that are
monotonically increasing in polarized flux with decreasing
scattering angle (category I: e.g., HD 34282, MY Lup, IM Lup,
LkCa 15, and V4046 Sgr) and those that turnaround at a
scattering angle of 60°-80°, go through a local minimum, and
then increase again at the smallest scattering angles (category
II: e.g., HD 163296 and PDS 70)."°

To illustrate the origins of these variations, we perform 7-
matrix light-scattering calculations for various dust aggregates
(Tazaki & Dominik 2022; see also Appendix C). The scattering
matrix elements (—S;, in Bohren & Huffman 1983) obtained
by the simulations are summarized in Figure 5. There is a
caveat when comparing the scattering matrix element and the
observed phase function: a planet-forming disk is optically

10 We note that in order to distinguish between these two categories, scattering
angles smaller than 60° need to be covered, which translates to an approximate
minimum inclination of 30°.
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thick in the near-infrared, and the scattering-angle dependence
of the observed polarization flux might have been affected by
radiative transfer effects, such as multiple scattering within the
disk surface and limb brightening (see the detailed discussion
of these effects in Tazaki et al. 2023). To distinguish it from the
one extracted from an observed image, we will refer to the
computed scattering matrix element as the intrinsic polarization
phase function. While a three-dimensional radiative transfer
calculation is necessary to determine the dust parameters more
accurately from the extracted polarization phase function, it is
possible to capture the general trend from the intrinsic phase
function and infer the origins of the variations in the shape
shown in Figure 3. In this context, we note that the back-
scattering behaviors of the theoretical curves are similar to each
other, because large-angle scattering is particularly sensitive to
small-scale structures of aggregates (as small as the length scale
of each monomer; see, for example, Figure 7 in Tazaki et al.
2016). In each panel of Figure 5, the same monomer model is
used for different aggregates (see Appendix C), which leads to
similarities in the back-scattering pattern.

Figure 5(a) illustrates how the intrinsic polarization phase
function of aggregates varies with their size. The scattering-
angle dependency of the polarized intensity is the result of the
dependence of the two quantities overlapping: the total
intensity phase function and the degree of linear polarization.
When the aggregates are small compared to the wavelength, the
scattered light distribution will be close to isotropic in total
intensity, but the degree of polarization approaches O in the
forward-scattering direction. As a result, the intrinsic polariza-
tion phase function turns around at an angle of scattering
around 90° (for the case of pure Rayleigh scattering, the
intrinsic polarization function is proportional to 1 — cos? 0; see
Bohren & Huffman 1983). As the aggregates become larger,
the forward scattering in total intensity develops and
compensates for the decrease in the degree of polarization.
Consequently, the turnaround position shifts to the small-
angle side.

Except for RXJ1852, none of the observed phase functions
presented in Figure 3 exhibit the Rayleigh-scattering-like
profile. This indicates that the aggregates have grown to at
least micron sizes in those disks. For RXJ1852, the function
appears to have a peak in polarized flux around a scattering
angle of 80°, and the profile may be consistent with the
presence of small, submicron-sized aggregates. Since the
presence of such small particles makes the disk scattered light
bluish (Tazaki et al. 2019), future multicolor observations
would be useful to draw a conclusion.

The shape diversity in polarization phase functions could
be resulting from a diversity of the structure and porosity of
micron-sized aggregates. First of all, we focus on category |
(the top six curves in the J band); all show monotonically
increasing polarizing flux with decreasing scattering angle. In
particular, the curves for V4046 Sgr, LkCa 15, and IM Lup
seem to have approximately constant slopes, while the slopes
of the curves for MY Lup and HD 34282 become steeper at
scattering angles below 80°. Figure 5(b) demonstrates that
aggregates with different fractal dimensions can explain these
differences. Aggregates with a low fractal dimension (around
1.9) exhibit nearly constant slopes, except for scattering
angles below 30°, whereas aggregates with a high fractal
dimension (around 3.0) show a similar slope to fractal
aggregates in the large scattering-angle region, but the slope
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Figure 5. The effects of aggregate size, fractal dimension, and porosity on the intrinsic polarization phase function. The phase functions are normalized to a scattering
angle of 90°. (a) The intrinsic functions for BCCA aggregates for various radii. The monomer radius is set as @pyon = 0.1 um. The P« values range from 82.7% to
99.6% from the smallest to largest aggregate, and as the size grows, a fractal dimension approaches 1.9. (b) The blue and violet lines represent the results for BPCA
(@cmax = 3.14 pm, Dy = 3.0, Prax = 86.8%) and BCCA (d¢max = 10.0 pm, Dy = 1.9, Puax = 99.6%) aggregates, respectively. In these computations, we used
Amax = 1.6 pum and @y = 0.1 gm. (c) The blue, orange, and brown lines represent the results for BPCA (acmax = 3.12 um, Prax = 86.5%), BAMI
(@cmax = 247 pm, Prax = 72.8%), and BAM2 (a¢max = 2.09 um, Pnax = 54.9%) aggregates, respectively. Those aggregates have a fractal dimension close to

three. In these computations, we used dmax = 1.6 pm and apen = 0.4 pm.

becomes steeper in the small scattering-angle region. There-
fore, the approximately constant slopes observed in V4046
Sgr, LkCa 15, and IM Lup may be explained by fractal
aggregates. In fact, the detailed radiative transfer calculations
by Tazaki et al. (2023) showed that fractal aggregates best
explain the observed phase function of the IM Lup disk. On
the other hand, the phase functions for MY Lup and HD
34282 point to the presence of aggregates with a high fractal
dimension, although the porosity is still high (~87%), unless
the limb brightening is responsible for the steepening of the
slope. Therefore, these disks might contain highly porous
aggregates, although full radiative transfer modeling is
needed to determine the fractal dimension.

Category II exhibits peculiar phase functions (e.g., RXJ
1615, HD 163296, and PDS 70 in Figure 3). First, there is a
turnaround at scattering angles of 60°-80°, and second, the
polarized flux increases again at the smallest scattering angles.
A similar trend has also been reported in the disk around HD
100546 (Stolker et al. 2016). The effects of radiative transfer
within the disk surface would not account for this trend, as long
as the disk structure is axisymmetric and is uniformly

illuminated by the central star. For example, multiple scattering
tends to decrease the polarization flux on the forward-scattering
side, but its dependency is monotonic and would not explain
the rerise at the smallest scattering angles (Tazaki et al. 2023).
If this is the case, the tendency has to be attributed to the
intrinsic properties of dust particles. However, the high-
porosity aggregates that are thought to explain category I do
not show such a tendency, as already shown in Figures 5(a) and
(b). This means that the dust particles in these systems are
different from the ones in category 1.

One possibility is low-porosity aggregates (consisting of at
least micron-sized grains). Figure 5(c) shows that a turn-
around at scattering angles around 80° and a rerise in
polarization flux at small scattering angles appear simulta-
neously when the porosity is as low as ~55%. Since this
feature is not prominent for higher porosity, it seems to be
triggered by an increased contribution of monomer—monomer
electromagnetic interaction, as the monomers get packed
closely for lower porosity. Therefore, the phase functions for
the disks around HD 163296, PDS 70, and perhaps RXJ1615
might be explained by low-porosity aggregates. Low-
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Figure 6. Phase functions for all 10 target systems ordered by various system parameters. We show the J-band data for all systems but one, since it is more complete.
For the RXJ 1852 system, we show the H-band data, as there are no J-band observations of this system. The color code is the same as in Figure 3 for all systems. We
indicate for each panel on the left y-axis the system parameter by which the phase functions were sorted and we indicate the extreme values of these parameters in

the plot.

porosity aggregates tend to show a reddish polarized intensity
color (J/H < 1.0; Tazaki et al. 2019). For RXJ 1615,
Avenhaus et al. (2018) found that J/JH =0.78 4+ 0.42, thus
indeed the disk appears red, i.e., is brighter in the H band
relative to the central star than in the J band. We repeated an
analog measurement to that described in Avenhaus et al.
(2018) for the HD 163296 and the PDS 70 systems. We found
J/H=0.75+0.11 and J/H = 0.94 £ 0.21 for HD 163296 and
PDS 70, respectively. Thus, the polarized intensity colors for
all three systems are consistent with the presence of low-
porosity aggregates in the surface layers of the disk (although
we caution that in the cases of RXJ 1615 and PDS 70, the
error bars are large on the color measurement).'’

Low-porosity aggregates have relatively small area-to-mass
ratios (i.e., weak dynamical coupling with gas), making them
prone to settling on the disk midplane. For example, the Stokes
number of a fractal aggregate with 0.1 micron monomers
(Ballistic Cluster—Cluster Aggregation, or BCCA) and a
compact spherical particle without porosity can differ by a
factor of ~6 at a =1 um, where a is the volume-equivalent
radius (Minato et al. 2006; Tazaki 2021). Efficient vertical
mixing would thus be necessary to keep these aggregates in the
disk surface layers (e.g., Mulders et al. 2013; Tazaki et al.
2021). Interestingly, the disks around HD 163296, PDS 70, and
HD 100546 (studied in Stolker et al. 2016) have been
suggested to host a planet in the disk (Quanz et al. 2013; Currie
et al. 2014; Keppler et al. 2018; Teague et al. 2018; Casassus &
Pérez 2019; Haffert et al. 2019). The presence of planets has
been suggested to influence the vertical mixing of dust particles
in disks by meridional circulation (Bi et al. 2021; Binkert et al.
2021; Szuldgyi et al. 2022). Therefore, we speculate that the
presence of planets might indirectly affect the dust properties at
the disk surface, which might in turn explain the distinct phase
functions from the others.

4.2. Trends with System Properties

As discussed in Section 4.1, we find an empirical dichotomy
in the shape of the phase functions indicating different dust
aggregate porosities. In order to find possible trends with basic
system parameters, we plot the phase functions of all systems
in order of stellar spectral type, system age, disk dust mass, and

1 We note that we give all colors as defined by Avenhaus et al. (2018), i.e.,

J/H = Ldisk; / Ly )
Ldiskgy / Lagy

disk inclination in Figure 6. For the stellar spectral type and the
disk dust mass, we do not see any correlation between the two
different categories of phase functions. For the system age, we
notice that the three disks with lower dust porosities are among
the younger sources in our sample, with ages of 5.4 Myr for
PDS 70 (Miiller et al. 2018), 5.1 Myr for HD163296 (Alecian
et al. 2013), and 1.4 Myr for RXJ 1615 (Wahhaj et al. 2010).
However, the presumably youngest source in our sample,
IMLup (1.1 Myr; Avenhaus et al. 2018), is again part of the
higher-porosity category. We stress that our sample is small
and that individual system ages are inherently uncertain, thus
an expanded study with a large number of systems will be
needed to confirm if such a trend indeed exists.

In the rightmost panel of Figure 6, we order the phase
functions by disk inclination. Here, we find that the two phase
functions with a monotonous slope and strong forward-
scattering peak were extracted from the two systems with the
highest inclination in our study, i.e., MY Lup (77°) and
HD 34282 (57°). Conversely, the two phase functions for the
systems with the lowest inclination show a monotonous and
shallow slope, with no indication for a similar forward-
scattering peak (although we note that in these cases, the
smallest scattering angles could not be sampled). This trend
with inclination may well correspond to the limb-brightening
effect discussed in Section 3.4.

4.3. Multiringed Systems

For three systems with multiple ringlike features, we were
able to extract the polarized phase function at multiple
separations: RXJ 1615, IM Lup, and V 4046 Sgr.

For RXJ 1615, we extracted the phase function from the
innermost resolved ring between 28 au and 59 au, as well as the
brightest full ring at a radial separation between 146 au and
181 au. The resulting extractions in the H band are shown in
Figure 2. For comparison, we consider the extraction of the
outer ring, which was corrected for azimuthal shadowing as
discussed in Section 3.3 (the black solid curve in Figure 2). The
two phase functions show very different shapes. While the
outer disk shows the previously mentioned peak between 60°
and 80°, the phase function of the inner disk zone is well
described by a single slope for angles between 40° and 120°,
but shows strong peaks at larger and smaller angles. Both of
them seem to favor compact aggregates that have relatively
high fractal dimensions, e.g., the Ballistic Particle-Cluster
Aggregation (BPCA) aggregates shown in Figure 5(b). In order
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to explain the dip, the porosity needs to be relatively low, e.g.,
Prax ~ 55 %, at least for the outer region (Figure 5(c)). Since
the phase functions are very different from each other, the inner
and outer disk surfaces are likely dominated by different types
of compact dust aggregates. As we have already discussed in
the previous section, the presence of low-porosity aggregates in
the upper disk atmosphere may indicate the presence of a
perturber that leads to more efficient vertical mixing. This also
fits well with our discussion in Section 3.3, which indicates that
there is a warp present in the outer disk of the RXJ 1615
system, consistent with previous results by de Boer et al.
(2016).

We discuss the IM Lup system in great detail in Tazaki et al.
(2023). As a brief summary, we note that the two innermost
disk zones between 70 and 110 au and between 130 and 170 au
are well consistent with each other (see Figure 10). The
outermost extraction zone between 217 and 257 au shows a
much shallower slope toward small scattering angles (but also
has intrinsically much larger uncertainties, due to the less-well-
defined surface height profile in the outer disk; see Figure 7).
As we argue in Tazaki et al. (2023), this may simply be an
indication that the outer disk region is not well described
anymore by the same power-law profile as the inner regions,
due to decreasing surface density and thus decreasing optical
depth.

The V 4046 Sgr system has arguably the most well-defined
dual ring structure of all the disks in this study and shows no
indication of significant azimuthal shadowing. We extracted the
phase function from the inner region between 11 and 19 au, as
well as from the outer ring between 23and 34au (see
Figure 12). We find that both phase functions are well
consistent with each other for angles larger than ~80°, while
the inner disk shows a slightly (but significantly) smaller slope
for smaller scattering angles. It is unclear if this slight
difference is due to the intrinsic phase functions in the inner
and outer ring (thus indicating slightly different aggregate
properties) or if it can be attributed to observational effects,
such as limb brightening. Indeed, due to the steeper slope in the
outer ring of the flared disk surface, we would expect a slightly
stronger limb-brightening effect for the outer ring, which may
then explain the small deviations between the two observed
phase functions.

5. Summary

We measure for the first time the polarized scattering phase
functions of 10 young planet-forming disks observed in the
near-infrared. We find that even though the geometry of these
disks is complex, phase functions with meaningful uncertain-
ties can be extracted. While detailed radiative transfer models
for individual systems are required to disentangle observational
effects, such as limb brightening or azimuthal shadowing from
the intrinsic phase function of the dust particles, we can still
infer some general trends from the extracted phase functions.

1. We find empirically two distinct categories of phase
functions. Category I has a monotonous slope, while
category Il displays a local maximum between 60°
and 80°.

2. Disks in category I have phase functions consistent with
micron-sized, high-porosity aggregates, while disks in
category II require micron-sized, low-porosity aggregates
to explain their phase function.
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3. Category II disks appear consistent with red polarized
intensity colors between the J/H bands, as predicted for
micron-sized, low-porosity aggregates.

4. While we do not find general correlations with basic
system parameters for the two phase function categories,
we do note that category II disks include the HD 163296
and PDS 70 systems, both of which host embedded
planets. Furthermore the literature data for the
HD 100546 system, which is also suggested to host
planets, is consistent with phase function category II.

5. If the presence of low-porosity aggregates is an indication
for the presence of embedded planets, then this may
indicate that the RXJ 1615 system, which also belongs to
the category II disks, hosts an embedded planet similar to
the cases of PDS 70 and HD 163296.

As further near-infrared observations of young disks become
available, it will be most interesting to repeat the extraction
performed for the small sample in this study, to investigate if
the two tentative categories that we identify are indeed present
in the larger population.
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Facility: VLT(SPHERE). Appendix B

Software: MSTM v3. 0 (Mackowski & Mishchenko 2011). Phase Function Extraction of all Systems. In the following we

show summary figures for the phase function extraction of all
systems. In Figure 7 we show the maximum deviation of the

Appendix A scattering angles based on different surface height profiles. In

Summary of Observation Setups and Conditions. In Table 3 Figures 8 to 16 we show the individual phase function extractions
we summarize the observing, setup, and conditions for all data for each system. Finally in Figure 17 we highlight possible
sets used in this study. asymmetries due to non-azimuthal disk geometry or shadowing.

Table 3
Observing Dates, Instrument Setup, and Weather Conditions for All Systems in Our Study
Target Date Filter DIT (s) # Frames Seeing (arcsec) To (ms) ESO ID
RXJ 1615.3-3255 14-03-2016 BB_H 64 80 1.1 2.6 096.C-0523(A)
14-03-2016 BB_J 64 48 1.1 22 096.C-0523(A)
HD 163296 26-05-2016 BB_H 8 (16) 64 (64) 1.0 2.8 097.C-0523(A)
26-05-2016 BB_J 16 200 0.8 2.0 097.C-0523(A)
IM Lup 13-03-2016 BB_H 64 48 1.3 34 096.C-0523(A)
11-03-2016 BB_J 64 56 0.9 1.5 096.C-0523(A)
LkCa 15 19-12-2015 BB_J 32 120 0.7 24 096.C-0248(A)
PDS 66 15-03-2016 BB_H 64 56 0.9 2.8 096.C-0523(A)
14-03-2016 BB_J 64 48 1.1 2.5 096.C-0523(A)
PDS 70 09-08-2019 BB_H 64 36 1.5 2.1 0102.C-0916(B)
26-03-2016 BB_J 64 52 1.9 1.3 096.C-0333(A)
2MASSJ18521730-3700119 15-05-2017 BB_H 64 12 1.2 099.C-0147(B)
V 4046 Sgr 13-03-2016 BB_H 64 48 1.0 2.3 096.C-0523(A)
12-03-2016 BB_J 64 48 1.5 1.7 096.C-0523(A)
HD 34282 19-12-2015 BB_J 64 88 0.6 3.0 096.C-0248(A)
MY Lup 15-03-2016 BB_H 64 40 0.7 3.7 096.C-0523(A)
15-03-2016 BB_J 64 35 0.9 2.4 096.C-0523(A)
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Figure 7. The same as the bottom panel of Figure 1, but for all disks in our sample. Shown are the maximum deviations in scattering angle, based on the flared and the
flat surface height profiles.
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Figure 8. Extracted polarized scattered phase functions and extraction regions for the J-band data of the HD 34282 system. The panels are analogous to Figure 2.
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Figure 9. Extracted polarized scattered phase functions and extraction regions for the H-band data of the MY Lup system. The panels are analogous to Figure 2.
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Figure 10. Extracted polarized scattered phase functions and extraction regions for the H-band data of the IM Lup system. The panels are analogous to Figure 2. We
note that this figure is identical to Figure 1 in Tazaki et al. (2023).
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Figure 11. Extracted polarized scattered phase functions and extraction regions for the J-band data of the LkCa 15 system. The panels are analogous to Figure 2.
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Figure 12. Extracted polarized scattered phase functions and extraction regions for the H-band data of the V 4046 Sgr system. The panels are analogous to Figure 2.
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Figure 15. Extracted polarized scattered phase functions and extraction regions for the H-band data of the HD 163296 system. The panels are analogous to Figure 2.
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Figure 16. Extracted polarized scattered phase functions and extraction regions for the H-band data of the PDS 70 system. The panels are analogous to Figure 2.

15



THE ASTROPHYSICAL JOURNAL, 953:92 (18pp), 2023 August 10 Ginski et al.

1D 163200

6.00

ADec (arcsec)
orjeI XN[j

12.00

1.00

0.50
0.25

2 -1 0 1 2 -2-10 1
ARA (arcsec)

Figure 17. Axis symmetry of all disks in our sample relative to the disk minor axis. H-band data are shown when available, otherwise J-band data are shown. The disk
images were flipped around the minor axis, and then the original image was divided by the flipped image. Thus, flux ratios >1 indicate the factor by which the disk
region is brighter than the corresponding axis-symmetric region.
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Appendix C
T-matrix Calculations

We considered four different types of dust aggregation:
BCCA, BPCA, and two modified versions of BPCA, known as
BAMI1 and BAM?2 (Shen et al. 2008). BCCA has a fractal
dimension of 1.9, and therefore has a highly open structure,
whereas the other three have a fractal dimension close to 3. The
main differences between BPCA, BAM1, and BAM?2 are their
porosities, with the lowest for BAM2. We assume a spherical
and single-sized monomer for computational convenience.
Each monomer has a dust composition with a mixture of
water ice (Warren & Brandt 2008), pyroxene silicate
(Mg 7Fe(3Si03; Dorschner et al. 1995), amorphous carbon
(Zubko et al. 1996), and troilite (Henning & Stognienko 1996),
with the mass abundance ratios similar to the DSHARP model
(Birnstiel et al. 2018). We calculated the effective refractive
index (m) by using the Bruggeman mixing rule and found
m=1.92 4 0.404i at a wavelength of 1.63 ym.

Given dust geometry and composition, we calculate the
scattering matrix elements of the dust aggregates by using the
Multiple Sphere T-Matrix Method (Mackowski & Mishchenko
2011). In the simulations, we assume that aggregates are
randomly oriented, i.e., ignoring grain alignment, and their
optical properties were averaged over all possible orientations
with equal probability, by using the analytical orientation
averaging technique of the T-matrix method. The results were
also averaged over four realizations of each aggregate model.

Once we obtain the optical properties for each aggregate, we
then average the optical properties by considering the aggregate
size distribution:

n(a)da X a73'5da (amin < a < amax), (Cl)

where a is the volume-equivalent radius of an aggregate,
defined by a = aondV 1/ 3, Qmon being the radius of the monomer
and N being the number of monomers. The minimum aggregate
radius is fixed to amin = 2dmen, and the maximum aggregate
radius an,y is a parameter. We consider two different monomer
radii: dpen =0.1 pm and 0.4 ym. The largest aggregates we
investigated have ap,x = 1.6 pm. Since the volume-equivalent
radius does not necessarily represent the apparent size of an
aggregate, we introduce the characteristic radius a. (Mukai
et al. 1992), which better describes the apparent size. We
measure the porosity by P = 1 — (a/a.)’. The characteristic
radius and porosity of the maximum aggregate in the size
distribution will be denoted by ¢ max and Phax, respectively.
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