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ABSTRACT

Aims. This work investigates the photopolarimetric behavior of millimeter-sized levitated dust pebbles. A secondary goal is to bridge
the gap in photopolarimetric knowledge between micron-sized dust clouds and centimeter-scale pebbles.

Methods. We studied a set of nine millimeter-sized volcanic ash pebbles from a natural palagonite bulk. The pebbles were character-
ized by their surface colors, sizes, and surface features. The pebbles were levitated using an acoustic levitator to isolate them during
the experiments. Measurements of the scattering matrices were performed at scattering angles ranging from 3° to 177° at wavelengths
of 488 nm and 640 nm at the Cosmic Dust Laboratory at the Instituto de Astrofisica de Andalucfa.

Results. We compare our measured scattering matrices for the set of palagonite pebbles with those of micron-sized dust clouds of
similar composition, revealing clear differences between the two size regimes. The main differences emerge from the phase function
and the degree of linear polarization (DLP) curves. The pebbles exhibit a U-shaped phase function with minima of between 16° and
33°, whereas clouds of micron-sized dust particles show a nearly flat behavior at side- and back-scattering regions. The DLP curves
of the pebbles exhibit maxima of between 48° and 66°, whereas micron-sized powders tend to have them close to or beyond 90°. The
negative polarization branch (NPB) of the pebbles closely resembles that of micron-sized dust particles with effective radii lying at the
transition between the resonance and geometric optics regimes at visible wavelengths. This indicates that the use of the NPB features
as a proxy for the maximum of the DLP curves must be taken with caution. Additionally, we evaluate the range of applicability of
the linear-exponential model to fit the NPB. The retrieved key polarimetric parameters are clearly affected by the pebbles’ chemical
composition. They also enable a preliminary comparison of the pebbles to the asteroid taxonomy due to the strong similarities between

their DLP curves.
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1. Introduction

Cosmic dust plays a fundamental role in many astronomical
environments, as it scatters and absorbs the light emitted by stars.
These light-matter interactions directly influence radiative pro-
cesses in the regions where they occur. The outcome of these
processes is strongly dependent on the physical properties of
the dust, such as particle size, chemical composition, and mor-
phology. Consequently, the analysis of scattered light becomes
a powerful tool for inferring the properties of cosmic dust. In
this context, the study of scattering behavior has been applied
in different astrophysical frameworks (Kolokolova et al. 2015;
Bagnulo et al. 2024), particularly through observations of comets
(Kolokolova et al. 2024) and asteroids (Belskaya et al. 2015; Li
et al. 2015). In astronomical observations, scattering properties
are commonly characterized by measuring the phase function
(the angular distribution of the scattered light) and the degree
of linear polarization (DLP) (Delahodde et al. 2001; Boehnhardt
et al. 2008; Ishiguro et al. 2017; Kuroda et al. 2021). Further-
more, multispectral measurements of these quantities allow for
the use of additional diagnostic tools, such as the determination
of spectral color and polarimetric color of astronomical bodies

* Corresponding author: fgarcia@iaa.es

(Kolokolova et al. 2001; Kwon et al. 2019; Fornasier et al. 2020;
Alvarez-Candal 2024).

The shapes of the phase function and the DLP show the effect
of dust physical properties. In most astronomical observations of
dust clouds, the phase function exhibits a pronounced forward-
scattering peak and a weaker, flatter backscattering region. This
characteristic shape is typically associated with micron-sized
dust grains and has been confirmed in laboratory experiments
(Munoz et al. 2001; Volten et al. 2007; Dabrowska et al. 2015;
Frattin et al. 2019; Gomez-Martin et al. 2023; Martikainen et al.
2024). Interest in larger particles has increased following obser-
vations of comet 67P/Churyumov-Gerasimenko by the ESA
Rosetta mission (Rotundi et al. 2015; Ott et al. 2017; Della Corte
et al. 2019). Phase functions obtained with the OSIRIS instru-
ment indicated that the scattered light from the comet’s dusty
coma was dominated by particles larger than initially anticipated
(Bertini et al. 2017; Moreno et al. 2018; Levasseur-Regourd et al.
2019; Mufioz et al. 2020). Particle size also strongly affects the
DLP, particularly the angular position of the maximum polar-
ization. For millimeter-sized particles, it occurs at scattering
angles smaller than 90°, whereas for micron-sized particles it
is usually found beyond 90° (Frattin et al. 2022). In addition
to size, other physical properties provide specific DLP features,
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such as the negative polarization branch (NPB) (Shkuratov et al.
2004; Muinonen et al. 2011; Grynko et al. 2022). The NPB
is a well-known feature in asteroid polarimetry and has been
widely used for taxonomic classification (Belskaya et al. 2017,
2022). Astronomical observations often provide limited angular
coverage to fully reconstruct the NPB, so empirical and semiem-
pirical models have been developed to retrieve its key parameters
(Goidet-Devel et al. 1995; Kaasalainen et al. 2003; Muinonen
et al. 2009b). Nevertheless, accurately modeling irregular cos-
mic dust remains challenging due to the complex morphologies
and wide size distribution of the particles. For spherical grains,
Lorenz-Mie theory can be applied to compute the scattering pat-
tern without any restriction of size or composition (Mie 1908;
van de Hulst 1981). For irregular particles, more sophisticated
numerical techniques have been developed (Mishchenko 2015;
Muinonen et al. 2015; Kahnert et al. 2016; Kimura et al. 2016;
Kolokolova et al. 2024; Vargas et al. 2026). While these methods
are efficient for particles with sizes comparable to the inci-
dent wavelength, they become computationally expensive and
time-consuming for significantly larger particles. As a result, the
scattering behavior of millimeter-sized particles at visible wave-
lengths remains poorly understood. In this context, laboratory
experiments using millimeter-sized particles become an essential
tool for exploring this size regime and for validating advanced
numerical models in the geometric optics domain developed by,
for example, Muinonen et al. (2009a), Nousiainen (2009), and
Grynko et al. (2016).

The Cosmic Dust Laboratory at the Instituto de Astrofisica
de Andalucia (IAA-CoDulLab; (Mufioz et al. 2010, 2011))
obtains experimental scattering matrices of cosmic dust and ana-
log materials, while the Granada-Amsterdam Light Scattering
Database (Muifioz et al. 2025) contains all datasets obtained.
CoDulLab has recently been upgraded to enable the measurement
of scattering matrices from individual millimeter-sized particles.
This advancement is based on the incorporation of an acoustic
levitator, which allows particles to be suspended in air (Marzo
et al. 2017; Colin et al. 2025), thereby avoiding the need for
mechanical holders (Muiioz et al. 2017, 2020).

In this work, Section 2 describes the experimental setup,
detailing the recent adaptation of the instrument and the cal-
ibration tests for the measurements presented here. Section 3
introduces the samples used in this study and the characterization
of their physical properties. Section 4 reports the experimen-
tal scattering matrices at 488 nm and 640 nm. In Section 5,
we compare our results with those obtained for dust of simi-
lar composition in order to constrain the effect of particle size
on the scattering matrix elements. In addition, we analyze our
measurements as if they corresponded to asteroid observations,
seeking similarities and differences through the study of the
NPB. Finally, Section 6 summarizes the main findings of the
work and presents the conclusions.

2. Experimental setup

The experimental measurements were performed at the Cos-
mic Dust Laboratory (CoDuLab; Muioz et al. (2010)) of the
Instituto de Astrofisica de Andalucia (IAA). The different
light scattering apparatus configurations allow for the study of
micron-sized particle clouds using an aerosol generator (Frattin
et al. 2019; Muioz et al. 2021; Gémez-Martin et al. 2021), as
well as individual millimeter-sized pebbles (Mufioz et al. 2020;
Frattin et al. 2022) or analog regolith surfaces (Frattin et al. 2025;
Garcia-Izquierdo et al. 2026) mounted on a dedicated holder. For
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Fig. 1. Picture of the ultrasonic acoustic levitator mounted on the optical
bench at CoDuLab.

smaller millimeter-scale pebbles, the setup was further adapted
to incorporate an acoustic levitator (Colin et al. 2025). The levi-
tator was based on the design introduced by Marzo et al. (2017)
and that relies on two arrays of 36 ultrasonic transducers oper-
ated at 40 kHz (Figure 1). The arrays are semi-spherical and
create a stable standing wave in air. The node of this station-
ary wave, where pebbles are trapped, is located at the center of
the instrument.

Figure 2 presents a schematic view of the adapted experi-
mental setup. The light source is a Coherent High Performance
OBIS™ laser operating at either 488 nm or 640 nm. A motor-
ized filter wheel (FW) equipped with neutral-density filters is
positioned between the laser and the polarizer (P) to control
the beam intensity. The polarizer is coupled to an electro-optic
modulator (M), which modulates the polarization state of the
incident light. After modulation, the beam is expanded using a
beam expander to ensure homogeneous-full illumination of the
pebbles. The final beam diameter is adjusted with a diaphragm
D).

During levitation, the pebbles spin rapidly along the vertical
axis (see Figure 1). This is the line of nodes of the stationary
ultrasonic wave, which is perpendicular to the laser propagation
direction. This continuous rotation allows the scattered sig-
nal to include contributions from multiple particle orientations.
During the rotation, the pebbles tend to include their two largest
axes in the scattering plane. The scattered light is detected by a
photomultiplier tube (PM detector), operating at a sampling rate
of 1000 measurements per 1.5 s. The detector moves along one
meter diameter circular rail, covering scattering angles from 3°
to 177°. The scattering angle, 6, is defined as the angle between
the incident beam and the observation direction. A second pho-
tomultiplier tube (PM monitor), fixed at 71°, provides a reference
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Fig. 2. Top-view schematic of the adapted CoDuLab optical train as
seen from above. FW = filter wheel, P = polarizer, M = modulator, D =
diaphragm, A = analyzer, Q = quarter wave plate, and PM = photomul-
tiplier.

signal to correct for intensity variations due to the FW and source
fluctuations. The PM monitor has the same sampling rate as the
PM detector. Before reaching the PM detector, the scattered light
may pass through optional optical elements, such as an analyzer
(A) and a quarter wave plate (Q), depending on the optical con-
figuration required to obtain specific combinations of scattering
matrix elements, F;;. Together with electro-optical modulation
of the incident beam and lock-in detection, this setup enables the
determination of F;; or combinations of them per measurement
run (see Munoz et al. (2010) for details). By using the optional
optic elements at different orientations, the various F;; can be
determined experimentally.

These elements form the 4 X 4 scattering matrix, which
relates the Stokes vector of the incident light, ({y, Qg, Uy, Vo),
to that of the scattered light, (Is,Qs,Us,Vs). The F;; are
dimensionless quantities which depend on the wavelength of the
incident radiation and on the physical properties of the scatter-
ers. In addition, symmetry properties of the samples may force
certain elements to vanish and impose relationships among oth-
ers, resulting in a simplified form of the scattering matrix (van de
Hulst 1981; Hovenier et al. 2014).

For unpolarized incident light, the element F;(6) is propor-
tional to the scattered intensity and is commonly referred to as
the phase function. In this case, the ratio —F1,(0)/F11(0) defines
the DLP. In planetary science, the F;; are typically expressed as
a function of the phase angle, defined as @ = 180° — 6.

To validate the experimental configuration incorporating the
acoustic levitator, we measured the F;;(f) of a NBK-7 calibra-
tion sphere made of borosilicate crown glass, with a radius of
750 pm and a sphericity of 0.625 pm, supplied by Edmund
Optics. The sphere radius was selected to match the characteris-
tic size of the pebbles under investigation. The refractive indices
of the NBK-7 sphere at 488 nm and 640 nm are m(488 nm) =
1.5222+i9.7905- 10~ and m(640 nm) = 1.5148 +i 1.226- 1078,
respectively (Polyanskiy 2024). Figure 3 shows the experimen-
tal results together with the theoretical F;; computed using Mie
theory (Mie 1908). The measurements reproduce the main fea-
tures predicted by Mie theory with good accuracy. However,
some deviations from the theoretical curves are observed. These
discrepancies arise because light scattered by the sphere in all
directions is reflected by the acoustic levitator structure and sub-
sequently reaches the detector. Such effects are stronger in the
scattering angle range from 90° to 150°, where F;(6) reaches its
minimum. In this low-signal region (where the intensity is orders
of magnitude lower than at other angles) stray reflections from
the levitator become noticeable, introducing a partially depolar-
ized contribution. These effects are significant in F,(6)/F1(6),
F33(0)/F11(09), and F44(0)/F11(0). Moreover, the field of view
of the PM detector integrates the scattered signal over a small

angular range, smoothing fine structures in some F;j, such as
F54(0)/ F11(6). Nevertheless, the pebbles under study are signifi-
cantly less reflective than the NBK-7 calibration sphere, and their
phase functions are not expected to span several orders of mag-
nitude. Therefore, the contribution of stray reflections from the
levitator would be significantly smaller than in the measurements
of the pebbles.

3. Sample description

In this work, we investigated nine millimeter-sized pebbles com-
posed of palagonite (Laan et al. 2009), a weathering product
of basaltic glass. This bulk material contains a significant frac-
tion of Fe,O3 (Roush & Bell III 1995) and corresponds to the
sample 91-16 collected at the Mauna Kea volcano, in Hawaii.
A detailed characterization of this material can be found in Banin
et al. (1997). The millimeter-sized pebbles were individually
selected to cover a range of color tones and sizes. As the bulk
material can be used as Martian analog, we named each pebble
MAVAP (Martian Analog Volcanic Ash Pebble), followed by an
index from 1 to 9. Figure 4 shows optical microscopy images of
the MAVAPs obtained under identical illumination conditions.
These images provide information about their apparent color
to the naked eye, allowing for a classification into “dark™ and
“light” MAVAPs. Dark MAVAPs correspond to the indices 1, 4,
6, 7, and 9, whereas light MAVAPs correspond to the indices 2,
3, 5, and 8. The optical images do not provide reliable size infor-
mation, as the three-dimensional morphology of the MAVAPs
produces blurring effects due to different focal planes.

We estimated the size of the MAVAPs by measuring their
projected area while levitated. Their orientation on a flat sur-
face may differ from that during levitation, which determines
the effective area exposed to the laser and thus relevant for
scattering. For this purpose, the shadow of each MAVAP was
projected onto a millimeter-graduated screen and photographed.
This procedure provides a conversion from pixels to physical
area units (square millimeters). By determining the number of
pixels covering each projected shadow, the corresponding pro-
jected area can be calculated. The measurement was repeated
seven times for each MAVAP in order to obtain an average value.
Figure 5 shows the superposition of the seven projected areas
for each MAVAP. This representation provides an estimate of
the effective size as seen by the laser beam and illustrates the
blurred boundaries produced by the rotational motion during
levitation. To validate the reliability of this method, we per-
formed the same procedure using a calibrated sphere with a
nominal diameter of 3 mm. The measured projected area cor-
responds to a circle with a diameter of 3.031 + 0.005 mm. In
addition, the projected contour was fit with an ellipse to deter-
mine the eccentricity (the ratio between the major and minor
axes). For the calibrated sphere, the eccentricity is 1.005 = 0.003,
consistent with an almost perfectly circular projected shape.
Table 1 summarizes the measured projected areas for MAVAPs,
the diameters of the best-fitting ellipses and their correspond-
ing eccentricities. During the experiments, the major axis of the
projected ellipse lies within the scattering plane. The measured
areas range from 0.31 + 0.02 mm? (MAVAP-6) to 2.5 + 0.2 mm?
(MAVAP-1), covering particle sizes from submillimeters to a few
millimeters. Most MAVAPs exhibit similar eccentricities, with
values between 1.4 and 1.59. The lowest eccentricity is found for
MAVAP-4, with a value of 1.28 + 0.03, whereas the highest val-
ues correspond to MAVAP-7 and MAVAP-8, with eccentricities
of 2.0 £ 0.2 and 2.1 + 0.1, respectively. Within our sample set,
no correlation is observed between size, shape, and color.
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Fig. 4. Images under optical microscope with same illumination condi-
tions for MAVAPs. Numbers indicate the index of each sample.

Fig. 5. Projected areas for MAVAPs. For each MAVAP there are seven
shades matching the position of their centroids.

Table 1. Size characterization of MAVAPs through their projected
shades.

MAVAP Area (mm?) D,eq(mm) D,;,eq(mm) Eccentricity

1 25+0.2 2.1+0.1 1.44 £0.03 1.4+0.1
2 1.76 + 0.05 1.8+0.1 1.17+0.02 1.59 +0.09
3 1.37+0.05 1.61+£0.09 1.08+0.05 1.5+0.1
4 0.89+0.02 1.16+0.03 091+0.02 1.28+0.03
5 0.57+0.03 098+0.04 0.68+0.02 1.46=+0.07
6 031+0.02 0.72+£0.05 052+002 14+0.1
7 20+0.2 22+0.2 1.10£0.03 2.0+0.2
8 0.89 + 0.07 1.5+0.1 071+0.02 2.1+0.1
9 1.3+£0.2 1.5+0.2 1.04 +0.05 1.5+0.1

To characterize the surface morphology of the MAVAPs,
scanning electron microscopy (SEM) images were acquired.
Figure 6 shows SEM images of the complete pebbles together
with selected high-magnification regions. These images reveal
the external morphology of the MAVAPs at micrometer scale.
All MAVAPs exhibit features consistent with the typical
morphology of vesicular volcanic grains. The magnified images

Table 2. Scattering angle at phase function minimum for MAVAPs at
488 nm and 640 nm.

Hmin(deg)
MAVAP 488 nm 640 nm
1 25+1 22 +1
2 21 1 18+1
3 22+1 18 +1
4 27 1 24 + 1
5 22 +1 16 £1
6 33+3 29+ 1
7 20+ 1 23 +1
8 201 171
9 28 + 1 22 +1

further reveal that all MAVAPs are coated by a dusty envelope
composed of nanometric particles of the same bulk material. No
significant differences in sub-micrometric surface roughness are
observed among the MAVAPs.

4. Results

The experimental scattering matrices of the MAVAPs are shown
in Figures 7, 8, and 9 at both 488 nm (blue circles) and 640 nm
(red squares). The F;; are displayed vertically as functions of
scattering angle (and equivalently phase angle), in the follow-
ing order: F11(8), —F12(0)/F11(8), F22(0)/ F11(0), F33(0)/ F11(0),
F34(0)/F11(0), and F44(0)/F1(6). Figure 7 presents the results
for MAVAP-1, MAVAP-2, and MAVAP-3, Figure 8 shows those
for MAVAP-4, MAVAP-5, and MAVAP-6, and Figure 9 displays
the measurements for MAVAP-7, MAVAP-8, and MAVAP-9. The
measurements cover a scattering angle range from 3° to 177°.
In some cases, the forward-scattering region is truncated for
certain F;; due to a reduced signal-to-noise ratio at small scat-
tering angles. We do not present element ratios F3(6)/F;(6),
F14(0)/F11(0), F24(0)/F11(6), F31(0)/F11(6), and F41(68)/F1,(6),
as they were found to be zero, and the equalities F5;(6)/F1(0) =
—F12(0)/F11(0) and Fy3(0)/F11(0) = —F34(0)/F11(6) are satis-
fied, across the full measured scattering angle range within the
experimental error bars. Figure A.l in Appendix A presents the
measured matrix element ratios of one MAVAP as an example.

4.1. Phase function

The upper panels of Figures 7, 8, and 9 display the phase
function, F(6), for each MAVAP. All phase functions are nor-
malized to unity at a scattering angle of 30°. Regardless of size,
shape, or color, all MAVAPs exhibit a well-defined U-shaped
phase function. This behavior is characteristic of millimeter-
sized particles under visible illumination (Mufioz et al. 2017,
2020). Table 2 summarizes the angular position of the F;;(6)
minimum at both wavelengths. A slight trend with color is
observed. At 640 nm, the light MAVAPs (2, 3, 5, and 8)
show minima at scattering angles below 20°, whereas the dark
MAVAPs (1, 4, 6, 7, and 9) present minima at angles larger
than 20°. In addition, at 488 nm most minima are shifted toward
larger scattering angles compared to their positions at 640 nm.
MAVAP-7 appears to deviate from this general behavior. This
case can be considered an outlier, since no other systematic trend
is associated with it. Under these considerations, the position
of the F|;(6) minimum seems to be influenced primarily by the
chemical composition of the MAVAPs.

4.2. Degree of linear polarization

The second panels from the top on Figures 7, 8, and 9
present the DLP, —F,(0)/F1(8), for each MAVAP. Table 3
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(2) MAVAP-7

(i) MAVAP-9

Fig. 6. SEM images of MAVAPs. Each pair shows low-magnification (left) and high-magnification (right) views. Scale bars: white = 500 pm;
yellow = 5 pm.
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Fig. 7. Experimental scattering matrix elements as functions of the scattering angle at 488 nm (blue circles) and at 640 nm (red squares) for
MAVAP-1 (left column), MAVAP-2 (middle column), and MAVAP-3 (right column).
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A198, page 8 of 20



Garcia-Izquierdo, F. J., et al.: A&A, 713, A198 (2026)

Phase Angle (deg) Phase Angle (deg) Phase Angle (deg)

180 150 120 90 60 30 180 150 120 90 60 30 180 150 120 90 60 30 O
L D L L LA DL DL L I B LN AL DL DL I B
o MAVAP-7 488 nm o MAVAP-8 488 nm 1 © MAVAP-9 488 nm
o MAVAP-7 640 nm g1 = MAVAP-8 640 nm = @ MAVAP-9 640 nm

Fll

'F12/F11

F22/F1 1

0.8
— 0.6

o
F 0.4
~ 0.2

~ -0.2

-0.4
-0.6

F34/F11

F44/F1 1

0 30 60 90 120 150 0 30 60 9 120 150 0 30 60 90 120 150 180
Scattering Angle (deg)  Scattering Angle (deg)  Scattering Angle (deg)
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Table 3. Experimental polarimetric parameters of the MAVAPs at
488 nm and 640 nm.

A =488 nm
MAVAP DLPmln (%) emin (deg) einv (deg) DLPmax (%) emax (deg)
1 -28+01 172+1 158+1 37.0+0.1 57+3
2 -20+02 177+1 158+1 20.6+0.3 51+3
3 -1.8+0.1 176 +1 160+1 24.0+0.8 63+3
4 -26+03 1711 158+1 39.1+0.1 57+3
5 -18+05 175+1 1601 26.5+0.1 54+3
6 -25+02 173+1 1601 61+1 54+3
7 -25+02 172+1 159+1 43.7+0.2 54+3
8 -14+04 1771 1621 19.1x0.5 51+3
9 -26+03 1711 158+1 36.0+04 48 +£3
A =640 nm
MAVAP DLPmin (%) emin (deg) ginv (deg) DLPmax (%) gmax (deg)
1 -22+01 174+1 1581 26.6=+0.5 54+3
2 -12+02 177+1 1601 8.8+0.7 63+3
3 -09+05 176+1 162+1 10.7+0.3 60 +3
4 -21+04 173+1 1601 269+0.5 63+3
5 -1.0+02 173+1 163=+1 11+1 66+3
6 -23+05 172+1 1601 45+ 1 51+3
7 -20+02 171+1 1601 31.5+04 60 +3
8 -0.7+£02 176 +1 1671 8.8+0.1 66 +3
9 -21+01 175+1 160+1 20+ 1 54+3

summarizes the main polarimetric parameters at both wave-
lengths. Specifically, the table lists the maximum DLP and its
angular position (DLPp,x and Oy,x), the minimum and its angu-
lar position (DLPpi, and Bpin), and the inversion angle (6iny),
which is the angle at which the DLP changes sign, separating the
positive polarization branch (PPB) from the NPB. All MAVAPs
exhibit well-defined bell shape DLP curves.

Focusing on the PPB, the DLP,, is higher at 488 nm than
at 640 nm for all MAVAPs. At 488 nm, light MAVAPs exhibit
DLP,,.x between 19.1% and 26.5%, whereas dark MAVAPs
exhibit it between 36% and 61%. At 640 nm, light MAVAPs
exhibit DLP,,,x between 8.8% and 11%, while dark MAVAPs
exhibit it between 20% and 45%. Since DLP,,,x increases with
absorption (Dabrowska et al. 2015; Martikainen et al. 2024),
these results indicate that dark MAVAPs are more absorbing than
light MAVAPs, and that all MAVAPs exhibit stronger absorption
at 488 nm than at 640 nm. The 0,,,, lies between 48° and 63°
at 488 nm and between 54° and 66° at 640 nm. Although there
is an apparent shift of 6,,,x toward smaller scattering angles at
shorter wavelengths, no clear trends are observed. The 8, is
known to depend on particle size (Frattin et al. 2022), although
the relative small size differences among the MAVAPs do not
produce a clear trend within the geometric optics regime. Iso-
lating size effects would be needed to assess possible shifts in
Omax 10 this size regime, since multiple physical properties may
simultaneously affect its position.

Focusing on the backscattering region, all MAVAPs present
a well-defined NPB at both wavelengths. The DLP,;, is deeper
at 488 nm than at 640 nm for all MAVAPs. At 488 nm, light
MAVAPs exhibit DLP,;, between —1.4% and —2%, whereas
dark MAVAPs exhibit it between —2.5% and —2.8%. At 640 nm,
light MAVAPs exhibit DLP,;, between —0.7% and —1.2%, while
dark MAVAPs exhibit it between —2% and —2.3%. These results
indicate that stronger absorption is associated with a deeper
DLP, in the MAVAPs. The position of DLP,;, lies between
171° and 177° of scattering angle for all MAVAPs at both
wavelengths, without any clear trend linked to MAVAPs charac-
teristics. In the case of the 6y,,, there is, on average, a slight shift
toward larger scattering angles at 640 nm compared to 488 nm.
No 6,y values below 158° were experimentally observed. The
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presence of a strong NPB is typical of particles with irreg-
ularities at wavelength scale, which can generate negative
polarization through single-particle effects and local multiple-
scattering mechanisms (Shkuratov et al. 2004; Muinonen et al.
2011; Muiioz et al. 2021; Grynko et al. 2022). Therefore, the
well-defined NPB observed for the MAVAPs is consistent with
the sub-micrometer structures revealed by the SEM images
(Figure 6).

4.3. Other scattering matrix elements

The third panels in Figures 7, 8, and 9 show F(6)/F1(6),
which presents a consistent wavelength-dependent behavior for
all MAVAPs. On average, the values at 488 nm are higher
than those at 640 nm. At a given wavelength, there is also a
clear color dependence. Dark MAVAPs display higher values of
F(0)/F11(0) than light MAVAPs. Additionally, the curve shape
shows a noticeable trend, more pronounced at 488 nm than at
640 nm. Beyond the minimum of F,(6)/F1(6), light MAVAPs
exhibit an increasing trend with convex curvature. In contrast,
for dark MAVAPs the curvature changes from convex to concave
as the scattering angle approaches the backscattering region.

The following panels present F'33(8)/F (), in which a clear
wavelength dependence is observed. At 488 nm, the curves
generally reach larger absolute values than at 640 nm. This dif-
ference becomes noticeable when the curves enter the negative
region. For light MAVAPs, this wavelength trend is apparent over
the entire angular range. In contrast, for dark MAVAPs the posi-
tive portions of the curves are more similar at both wavelengths,
with differences becoming more noticeable mainly in the neg-
ative region. MAVAP-9 constitutes a partial exception to this
behavior, as it exhibits significant wavelength differences even
in the positive region, despite being classified as a dark MAVAP.
Moreover, at a given wavelength, dark MAVAPs tend to exhibit
deeper branch in the backscattering region than light MAVAPs.

The subsequent panels display F34(0)/F11(8). For dark
MAVAPs, the curves present a defined bell-shape profile,
whereas for light MAVAPs this feature is weaker. The absence
of a clear bell-shape is noticeable at 640 nm for MAVAP-2,
MAVAP-3 and MAVAP-8. In several cases, the curves show both
positive and negative regions, resembling the general behavior
observed for —F,(6)/F11(6). MAVAP-6 is especially remark-
able, since its curves at both wavelengths are nearly identical
over a broad angular range, but they clearly diverge once the
negative region is reached.

The bottom panels show F4(6)/F11(6), which exhibits a
behavior similar to that of F33(6)/F1(6). At scattering angles
below 30° (the region of the F;;(f) minimum) the values at
640 nm are slightly higher than those at 488 nm for dark
MAVAPs. A similar tendency is also observed for MAVAP-5
and MAVAP-§ at smaller scattering angles. In the angular range
in which the curves remain positive at both wavelengths, dark
MAVAPs display very similar behavior at 488 nm and 640 nm,
whereas light MAVAPs show clearly lower values at 640 nm. In
the negative region, the curves at the two wavelengths diverge
in all cases, being the results at 640 nm less intense (i.e., closer
to zero) than those at 488 nm. Moreover, dark MAVAPs reach
deeper negative values than light MAVAPs at both wavelengths.
A distinctive feature appears close to 180° scattering angle,
where an increasing tail is observed. This tail is stronger for
dark MAVAPs at 488 nm. Particular attention should be given
to MAVAP-9, which shows an intermediate behavior between
dark and light groups, despite being classified as dark MAVAP.



Garcia-Izquierdo, F. J., et al.: A&A, 713, A198 (2026)

The natural origin of MAVAPs can explain this behavior. Natu-
ral samples can be presented in a range of compositions, even if
they originate from the same source. Therefore, a classification
into two compositional groups may be quite simple, but it works
well as a first approximation.

5. Discussion

In this section, we compare our experimental results to those
of previous studies on dust of similar composition. We try to
bridge the gap in understanding how particle size affects scat-
tering behavior in the geometric optics regime. Additionally, we
fit the backscattering region of the DLP curves using a widely
adopted empirical mathematical expression commonly used in
asteroid studies.

5.1. Size effect on geometric optics regime

To compare our measurements with those obtained for micron-
sized dust clouds, we computed the arithmetic average of the
normalized F;; over all MAVAPs at each wavelength. This aver-
age matrix is used as a proxy for a cloud of millimeter-sized
particles in the geometric optics regime. For the micron-sized
comparison sample, we selected the JSC Mars-1 dust analyzed
by Martikainen et al. (2024) for two main reasons. First, its bulk
composition is dominated by palagonite, being also the case for
the MAVAPs. Second, that study reported the scattering matrices
measured at the same wavelengths as in our experiments. In that
work, three JSC Mars-1 samples with increasing effective radius
were investigated, denoted JSC-S (0.4 nm), JSC-M (2.7 ym), and
JSC-L (16.5 nm). In addition, we compare our results at 640 nm
with those obtained at 632.8 nm by Laan et al. (2009), since their
palagonite powder and our MAVAPs originate from the same
bulk. The palagonite powder analyzed in that study has an effec-
tive radius (4.5 pm) similar to JSC-M, but with a significantly
broader size distribution.

Figure 10 shows the averaged MAVAP scattering matrix,
together with the scattering matrices reported by Martikainen
et al. (2024), at 488 nm (Figure 10a) and 640 nm (Figure 10b).
We also include the results of Laan et al. (2009) at 632.8 nm
in Figure 10b. The averaged MAVAP is presented by a solid
line, while the shaded envelope indicates the range between
the minimum and maximum values of the normalized F;; at
each scattering angle. This interval better reflects the variability
expected for the simulated cloud than the propagated experi-
mental errors. For JSC-S, only the phase function and DLP are
available at both wavelengths. For JSC-M, the full scattering
matrix is provided at 640 nm, whereas 488 nm only the phase
function, DLP, and F»,(0)/F1,(0) are available. For JSC-L, full
scattering matrices are reported at both wavelength. The palag-
onite powder studied by Laan et al. (2009) includes the full
scattering matrix at 632.8 nm. All phase functions are normal-
ized to unity at 30° scattering angle. At both wavelengths, a clear
difference in curve shape between the two size regimes is evi-
dent. The averaged MAVAP phase function exhibits the U-shape
typical of few millimeter-size pebbles at visible wavelengths
(Bertini et al. 2017; Muiioz et al. 2020), whereas the JSC powder
clouds exhibit the typical slide-shape associated with micron-
size dust (Munoz et al. 2001; Volten et al. 2006; Dabrowska et al.
2013; Escobar-Cerezo et al. 2018). This size-dependent behavior
has also been reported by Muiioz et al. (2021) and Frattin et al.
(2022). Therefore, our MAVAPs are far from reproducing the
phase-function behavior of micron-size dust clouds.

In the case of the DLP curves, O, clearly distinguishes
micron-sized powder from millimeter-sized pebbles. At both
wavelengths, 6y« shifts toward smaller scattering angles with
increasing effective radius. The value of DLP,x primarily
depends on the composition, and on the size regime in which par-
ticles are. Although palagonite is the main component in the JSC
samples, variations in minor constituents and their relative abun-
dances may affect the DLP amplitude. Particular attention should
be given to the NPB, shown in Figure 11, where differences in
DLP;, and 6y, between JSC samples, the palagonite powder,
and the averaged MAVAP become evident. At 640 nm, JSC-
S and JSC-M differ significantly from the averaged MAVAP,
whereas JSC-L displays remarkable agreement. Most JSC-L
values are within the colored envelope and closely follow the
averaged MAVAP curve over the angular range considered. Even
Oy 1s very similar between JSC-L and the averaged MAVAP.
The palagonite powder exhibits a comparable behavior to JSC-
L, with small differences. Below 6, the palagonite powder
shows slightly higher values (still within the shaded region),
and beyond 6;,, the DLP values become a bit more negative
than for the averaged MAVAP. At 488 nm, JSC-S and JSC-
M tend to approach the averaged MAVAP behavior, although
noticeable differences remain. The similarities between JSC-L
and the averaged MAVAP persist at this wavelength as well.
These results raise the important question of what the limits
are of the DLP backscattering region as a discriminator between
millimeter-sized pebbles and micron-sized dust clouds. As men-
tioned, DLPp,x and Oy, are highly dependent on particle size.
However, the DLP curves of the averaged MAVAP and the JSC-
L powder are very similar at backscattering, particularly with
regard to the NPB. This similarity has important implications for
the interpretation of astronomical observations, since the slope
at By, h, is often used as a proxy for the DLP,,,x. However, our
experimental data show that samples exhibiting nearly identical
NPB display significantly different DLP ,,x and Op,x.

For Fpn(0)/F11(6), F33(0)/F11(0), and F4(0)/F11(0) at
640 nm, JSC-L displays a closer resemblance to the averaged
MAVAP than to JSC-M or the palagonite powder. At red wave-
lengths, the palagonite powder behaves similarly to JSC-M for
most normalized F;, except for F44(6)/F1(6), where its behav-
ior is more comparable to JSC-L. The similarity between the
averaged MAVAP and JSC-L is significant for F,(8)/F1,(6),
since their curves are almost indistinguishable. In contrast, at
488 nm this similarity in F»,(0)/F,(0) largely disappears. In
this case, JSC-L becomes more similar to JSC-M, while JSC-
M itself approaches the averaged MAVAP behavior more closely
than at 640 nm. This loss of similarity for JSC-L at 488 nm is
also observed for F33(0)/F11(0) and F44(6)/F11(8) when com-
pared with their behavior at 640 nm. Conversely, at 488 nm
F34(0)/F11(6) of the averaged MAVAP appears to share more
similarities with JSC-L than at 640 nm.

Overall, the comparison between the averaged MAVAP and
JSC-L suggests that an increase in particle size from the transi-
tion region between the resonance and geometric optics domains
produces significant effects in both phase function and DLP
curves, whereas the other scattering elements exhibit only mod-
erate variations. This suggests that the combination of the phase
function and DLP curve constitutes a powerful diagnostic tool
for constraining dust grain sizes in astronomical observations.

5.2. Photopolarimetry of astronomical bodies

The fact that MAVAPs and astronomical bodies, such as aster-
oids, appear very different at first glance does not make a
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Fig. 10. Average scattering matrix of the nine MAVAPs. Solid lines represent the mean values and shaded areas indicate the variability range.
The scattering matrix elements of the JSC micron-sized powder (Martikainen et al. 2024) and palagonite powder studied by Laan et al. (2009) are
shown for comparison.
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Fig. 11. NPBs for the MAVAP cloud, JSC powders, and palagonite pow-
der (upper panel at 488 nm and bottom panel at 640 nm).

comparison between them obvious. MAVAPs are millimeter-
sized pebbles of volcanic ash, while asteroids range in size from
tens of meters to kilometers. Nevertheless, the phase functions
and DLP curves of the MAVAPs show an intriguing resemblance
with those of the asteroids.

The phase function of the MAVAPs exhibit a well-defined
U-shape (first row of Figures 7, 8, and 9), resembling that
observed for some asteroids (Li et al. 2015; Shevchenko et al.
2019; Hergenrother et al. 2020). The MAVAPs display a phase-
function minimum at large phase angles, while cometary dust
observations made by Bertini et al. (2017), found this minimum
at shorter phase angles. At such large phase angles, this mini-
mum is inaccessible in asteroid observations. Additionally, the
DLP curves of the MAVAPs (second row of Figures 7, 8, and
9) resemble those of asteroids (Jin et al. 2024), which exhibit
maxima shifted toward large phase angles and in some case a
high DLP,,.x as is the case for Phaethon (Shinnaka et al. 2018;
Devogele et al. 2018a) or Ryugu (Kuroda et al. 2021). Figure 12
shows the comparison between these two asteroids and MAVAP-
6, which exhibits the highest DLP,,,x values at both studied
wavelengths.

To explore the potential similarities between MAVAPs and
asteroid observations, we analyzed and compared their polari-
metric characteristics following the same approach commonly
applied to asteroids. As an initial characterization, we derived
the polarimetric color as a function of phase angle, PC(«)
(Bagnulo et al. 2021; Gray et al. 2024a), for the MAVAPs using
the following expression:

DLPY(a)| — IDLP®
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Fig. 12. Comparison of DLP curve observations of Phaethon and
Ryugu with MAVAP-6 measurements. The upper panel shows MAVAP-
6 results at 488 nm (turquoise stars) together with observations of
Phaethon in the V filter (filled green circles) and B filter (filled blue
circles) from Devogele et al. (2018a). The lower panel shows MAVAP-6
results at 640 nm (orange stars), together with observations of Phaethon
in the R filter from Devogele et al. (2018a) (filled red circles) and
Shinnaka et al. (2018) (filled red squares), as well as Ryugu observa-
tions in the R filter (white squares) from Kuroda et al. (2021).

where A; and A, correspond to the wavelengths 640 nm and
488 nm, respectively. The factor of 10* converts PC(a) into
units of %/100 nm. The interpretation of PC(«) is straightfor-
ward. If PC(a) > 0, the sample is considered polarimetrically
red, whereas if PC(a) < 0, it is polarimetrically blue. A value of
PC(a) = 0 indicates a neutral polarimetric color.

Figure 13 shows PC(«) (and PC(6)) for all MAVAPs, through
the use of Eq. (1). Black and orange markers correspond to dark
and light MAVAPs, respectively. Within the NPB, all MAVAPs
exhibit a slightly blue or nearly neutral polarimetric color within
error bars. This trend persists up to phase angles of about 30°.
Beyond this angle, all MAVAPs exhibit a well-defined blue
polarimetric color that becomes stronger with increasing phase
angle (i.e., polarimetric phase blueing). Up to 90°, the MAVAPs
exhibit a similar polarimetric phase blueing, with the excep-
tion of MAVAP-8, which shows a weaker effect. For phase
angles larger than 90°, the dispersion among the MAVAPs
increases. Around phase angles from 90° to 130°, the polari-
metric phase blueing spans approximately from —7%/100 nm to
—11%/100 nm. Despite this spread, no systematic trend can be
identified which correlates the strength of the polarimetric phase
blueing with specific MAVAPs properties. Moreover, the error
bars largely overlaps in many cases, making the curves difficult
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Fig. 13. Polarimetric color of MAVAPs. Marker colors indicate the sam-
ple visual appearance (black for dark ones, orange for light ones).

to distinguish from one another. A similar polarimetric blueing
effect has been reported for some astronomical objects, as S-type
and M-type asteroids, although with a weaker dependence on
phase angle (Belskaya et al. 2009).

In addition to analyzing the polarimetric color, the polarimet-
ric properties of the DLP can be investigated by fitting the mea-
surements with a theoretical function. In order to characterize the
features of the NPB, we adopt the linear-exponential expression
as a function of phase angle, introduced by Kaasalainen et al.
(2003) and Muinonen et al. (2009b):

DLP(a) = A(e” %" = 1) + Ca, (2)

where A, B, and C are three free parameters. This empirical
expression is widely used to analyze the DLP backscattering
region of asteroid and comets (Cellino et al. 2015; Devogele et al.
2018b; Gray et al. 2024b, 2025), providing key features for their
classification (Belskaya et al. 2017). The model performs well up
to phase angles of approximately 30° (Muinonen et al. 2009b).
From the numerical fit, we can determine the inversion angle
(@iny), the phase angle at the minimum (ap;,) and the corre-
sponding DLP minimum (DLP,). The slope at @iy, A, is then
obtained by evaluating the derivate of Eq. (2) with respect to
phase angle at @i,y :

_ dDLP(a)

— A e—B/(l/inv
da a=Qjny

inv

h +C. 3)

Figure 14 shows the best-fit curves for each MAVAP obtained
using Eq. (2). We limit the fitting range to phase angles up
to 30° (vertical dotted lines), where the data density is high-
est and because some MAVAPs exhibit deep NPBs with rapid
increase in the PPBs. To assess the quality of the fits, we calcu-
lated the normalized root-mean-square error (NRMSE) for each
adjustment, summarized in Table 4. At 488 nm, NRMSE values
range from 1.57% to 4.09%, while at 640 nm they range from
2.13% to 7.03%. Since all values are below 10%, the fits can be
considered reliable. In addition to using the NRMSE, we ana-
lyzed the residuals normalized by the experimental uncertainties
in Figure B.1 in the Appendix B. Two criteria indicate a reli-
able fit when examining them. First, most normalized residuals
should fall within +2, indicating discrepancies smaller than two
experimental standard deviations. Second, they should be ran-
domly distributed around zero without any systematic sign bias.
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Our fits satisfy both conditions, indicating that they are reliable.
Comparing the experimental polarimetric parameters with their
fit values, we find good agreement for aj,y, with similar values
and overlapping error bars in all cases. A similar consistency
is observed for DLP,y;,, for which most cases show comparable
values and overlapping uncertainties. In contrast, @, shows a
slightly lower level of agreement. At 640 nm, some MAVAPs
present non-overlapping uncertainties, and at 488 nm the light
MAVAPs exhibit the largest differences. Although ay, is repro-
duced less accurately than «;,y and DLP,;, and is more sensitive
to composition, the agreement remains good.

We tested the fit curves by extending the angular range
up to 50°. In most cases, the predicted values (beyond 30°)
underestimate the experimental measurements, a trend more pro-
nounced at 488 nm. An exception is MAVAP-6 at 640 nm, for
which the predicted values slightly overestimate the experimen-
tal data. Overall, the extrapolated values cannot be considered
fully reliable. Although some are close to the measurements,
there is a systematic bias of under or overestimation. The normal-
ized residuals in the extrapolated region further highlight this,
showing both increased divergence and a consistent sign bias.

Table 4 summarizes the free parameters of Eq. (2) corre-
sponding to the best fits (A, B, and C), together with the retrieved
NPB features (DLPyin, @min, @iny, and /) at 488 nm and 640 nm.
Figure 15 presents the retrieved NPB features at 488 nm versus
those at 640 nm. In these plots (hereafter referred to as parameter
maps) the same markers as in Figure 13 are used.

The upper left panel of Figure 15 shows the parameter
map for |Pp,|. The distribution of |Pp,| clearly separates the
MAVAPs into two groups related to color to naked eye. Dark
MAVAPs exhibit higher |Ppy,;,| at both wavelengths compared to
light MAVAPs. A common trend is that | Py, | is higher at 488 nm
than at 640 nm. These results indicate that more absorbing
MAVAPs tend to produce deeper DLP;,. The upper right panel
shows the parameter map for «;,,. The separation according to
color is still visible, although less pronounced. Dark MAVAPs
cluster toward the upper right direction of the plot, close to the
1:1 line, indicating that a;y,y, is nearly achromatic for this group.
Interestingly, MAVAP-6 lies on the opposite side of the 1:1 line
compared to the rest of the MAVAPSs. In contrast, light MAVAPs
display a clear chromatic behavior, with larger aj,, at 488 nm
than at 640 nm. Within this group, MAVAP-8 shows the smallest
ajny at both wavelengths, making it appear as an outlier. It also
exhibits the largest deviation from the line 1:1, corresponding to
the strongest chromatic dependence of «;,, among the MAVAPs.

The bottom left presents the parameter map for A, in which
the two groups are again well separated. In both groups, 4 is
steeper at 488 nm than at 640 nm, and dark MAVAPs exhibit
steeper i than light MAVAPs. Notably, MAVAP-6 appears to
show the weakest chromatic dependence among dark MAVAPs.
The bottom right panel shows the parameter map for a@p,.
Dark MAVAPs generally display larger oy, than light MAVAPs.
Similar to the behavior found for «;,,, MAVAP-6 shows larger
@min at 640 nm than at 488 nm, contrary to the trend observed
for the other MAVAPs. The relatively large error bars in @y,
at 640 nm for light the MAVAPs may be related with their
lower absorption. Low absorbing MAVAPs tend to exhibit shal-
lower and less well-defined NPBs, making the determination of
amin more uncertain. Overall, these parameters maps illustrate
how the retrieved polarimetric parameters are influenced by the
intrinsic properties of the MAVAPs.

Additionally, Figure 16 presents the DLP i, - i,y parame-
ter map. Same markers as in Figures 13 and 15 are used, but the
incident wavelength is indicated by the color edge of markers,
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Fig. 14. Experimental NPB and best-fit curve obtained using Eq. (2), at 488 nm (blue) and 640 nm (red).

being blue for 488 nm and red for 640 nm. Each pair of points
to the same MAVAP at different wavelengths is connected by a
dotted line to highlight the wavelength dependence. This kind
of parameter map is commonly used in the study of astronom-
ical objects and in asteroid classification (Belskaya et al. 2010;
Cellino et al. 2016; Bach et al. 2024).

With this parameter map it is possible to perform a quali-
tative classification of the MAVAPs as if they were asteroids,
despite the possible differences in composition and structure
between them. Although our measurements were not obtained
exactly at the standard asteroid polarimetric wavelength, they fall
within the typical BVR filter sequence, being 640 nm close to the
R band and 488 nm lies between the B and V bands. We compare
our DLP,;, versus ai,y results with those reported by Belskaya
et al. (2010), Belskaya et al. (2017) and Belskaya et al. (2022).
The dark MAVAPs exhibit a;,, values between 19.5° and 22°
at both wavelengths. Their DLP,;, values are around —2% at
640 nm and become deeper at 488 nm. These characteristics are
broadly consistent with those of C-type or Ch-type asteroids. The
qualitative classification of the light MAVAPs is less straightfor-
ward. Except for MAVAP-8, the light MAVAPs at 488 nm display
characteristics similar to those of the dark MAVAPs at 640 nm.
However, at 640 nm they shift noticeably toward the upper left
region of the DLP,—a;,y map. This distribution places them
in the intermediate zone of the parameter space, resembling the

behavior of S-type asteroids. MAVAP-8 stands out, as it shows a
relatively shallow DLP, and a small ai,y, positioning it closer
to the regions typically associated with S-type or even E-type
asteroids.

The shapes of the phase function and DLP curves of our
millimeter-sized pebbles are similar to those observed for aster-
oids, making our results directly relevant to the study of asteroid
scattering behavior. Studies from the DART mission confirmed
the presence of millimeter- to centimeter-sized particles in aster-
oid regoliths and impact ejecta (Moreno et al. 2023), underscor-
ing the importance of precise experimental scattering data in this
size range. That is also the case of the active asteroid Bennu,
which loses mass by ejecting millimeter- to centimeter-sized par-
ticles (Hergenrother et al. 2020). Furthermore, the dense packing
of particles in asteroid regoliths affects their scattering behav-
ior. This invalidates the single scattering approximation and
requires considering multiple scattering contributions (Pitman
et al. 2005). In this context, Kolokolova et al. (2022) carried
out pre-impact 3D radiative transfer simulations of the antici-
pated ejecta plume of the Didymos-Dimorphos system. Lolachi
et al. (2023) demonstrated that using simplified isotropic phase
functions rather than realistic experimental ones leads to large
errors in the derived plume brightness and ejecta mass. Recent
studies have demonstrated the value of using experimentally
derived optical constants as inputs for modeling the scattering
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Table 4. Fit values of DLP from 0° to 30° for each MAVAP at 488 nm and 640 nm using Eq. (2).

A =488 nm
MAVAP  DLPpin (%)  amn (deg)  am (deg)  h(%/deg)  A(%) B(deg') C(%/deg) NRMSE (%)
1 -284+003 86+0.1 21.85+£0.09 0337+0.005 97+04 80+04  0.41=0.01 1.60
2 —20+0.1  58+05  207+03  0.17+001 35+02 3.0+05  0.17+001 4.09
3 -193+0.06 7.1+02  19.9+02 0219+0.005 49+03 52+05  0.24+001 3.30
4 —273+0.04 89+0.1  21.9+0.1 0345+0.006 112+08 94+06  0.46=+0.02 1.78
5 ~17+02  70+09  199+07  0.19+0.02 4309 5+2 0.21 +0.04 2.50
6 -23+0.1  80+04  198+03  0.32+0.01 9+1 8+ 1 0.40 + 0.04 2.11
7 —260+0.03 81+0.1 20.80+0.09 0319+0.004 85+03 73+04 039001 1.83
8 -121+0.08 63+06  18.0+05  0.148+0.006 2.9+0.3 41 0.16 + 0.01 335
9 -27+0.1  83+04  21.8+03  0.30=0.02 8+ 1 71 0.36 + 0.04 1.57
A =640 nm
MAVAP  DLP,, (%) amn (deg)  am (deg)  h (%/deg) A(%) B(deg') C(%/deg) NRMSE (%)
1 —224+005 70+03  214+02  0209+0.009 47+03 43+04  022+0.01 2.67
2 -0.87+0.06 48+08  187+04  0.075+0.005 14+0.1 23+07 0.076=0.005 5.60
3 -0.9+0.1 6+1 179407  0.106+0.006 2.0+ 0.3 42 0.11+0.01 7.03
4 -196+0.09 78+04 20703  023+001  59%07 7+1 0.27 + 0.03 3.79
5 -1.03+0.07 50+05  184+03  0.093+0.005 172+0.1 25+05 0.093+0.005 6.51
6 -179+0.08 89+04  20.1+03  028+0.01 1445 14+4 0.5+0.1 533
7 -208+005 74+02  204+02 02380007 56+04 57+05 027001 2.13
8 -0.65+0.08 35+08  13.9+06 0.075+0.004 1.0+0.1 1.6+07 0.075=0.005 6.85
9 2094005 70+03  20.6+02 0216+0.008 48+03 47+05  023+0.01 2.82
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Fig. 15. Parameter maps of fit values for the MAVAPs, obtained using Eq. (2). Marker colors indicate the sample visual appearance (black for dark
ones, orange for light ones).
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Fig. 16. DLP,,;, - a;,, parameter map for the MAVAPs, obtained by fit-
ting Eq. (2). Edge colors indicate the wavelength used (blue for 488 nm,
red for 640 nm), while marker colors indicate the sample visual appear-
ance (black for dark ones, orange for light ones).

properties of asteroid regoliths and ejecta (Penttild et al. 2024;
Kolokolova et al. 2025). These studies highlight the importance
of laboratory-derived optical inputs for radiative transfer mod-
eling. Experimental phase functions and DLP curves, such as
those presented in this work, offer complementary inputs that
can improve the characterization of asteroid scattering behavior
beyond simplified theoretical approximations.

6. Summary and conclusions

In this work, we present experimental scattering matrices at
488 nm and 640 nm for a set of individual millimeter-sized peb-
bles. The pebbles were levitated using an acoustic levitator, and
the experimental setup was validated by measuring the scatter-
ing matrix elements of a well-characterized NBK-7 calibration
sphere with a radius of 750 pm at both wavelengths. The studied
set consists of nine volcanic ash pebbles (MAVAP), predomi-
nantly composed of palagonite. Their physical properties were
characterized through optical and SEM imaging, as well as size
estimations based on geometrical projections. According to their
visual appearance, they were divided into two subsets (light and
dark).

For the MAVAPs, the phase functions exhibit the charac-
teristic U-shape reported in the literature for millimeter-sized
particles in geometric optics regime. The DLP curves display
a bell-shape profile, with 8,,x at scattering angles smaller than
90°. A clear polarizing effect with absorption on the value
of DLP, is observed, with dark MAVAPs showing higher
DLPx compared to light MAVAPs. Well-defined NPBs are
present, likely arising from the surface irregularities of the
MAVAPs. Variations in the NPBs features with absorption are
also detected, such as deeper DLP,,, for dark MAVAPs com-
pared to light MAVAPs. In general, all MAVAPs absorb more
efficiently at 488 nm than at 640 nm. Depolarization effects in
F2(0)/F11(0), F33(0)/F11(8), and Fy4(6)/F11(6) are stronger at
640 nm than at 488 nm, and stronger for light MAVAPs than
for dark MAVAPs. Overall, lower absorption appears to enhance
the depolarization related to these normalized F;;/Fy; ratio of
elements.

We compared the experimental results of the MAVAPs with
those obtained for micron-sized dust samples of similar compo-
sition. The phase functions of the MAVAPs differ significantly

from those of micron-sized dust, showing distinct curve shapes
characteristic of their respective size regimes. The micron-sized
powders tend to display a strong forward peak and nearly a flat
behavior at side and back scattering regions. In contrast, the
MAVAPs show a well-defined U-shaped phase function with
minimum values in the phase angle region between 16° and 33°.
The DLP curves also differ in the 6., which occurs at scatter-
ing angles near to or larger than 90° for micron-sized dust, and
approximately between 48° and 66° for the MAVAPs. Interest-
ingly, for dust composed of larger grains, the DLP curves tend
to resemble those of the MAVAPs at scattering angles beyond
approximately 130°. This similarity is more pronounced at the
more strongly absorbed wavelength, making it difficult to clearly
distinguish the NPBs of MAVAPs from those of micrometer-
sized dust with larger monomers. This suggests that parameters
such as the slope at 6y, h, should be used with caution as
a proxy of DLPy,. There are also differences between the
two size regimes for the remaining normalized F;;. However,
as the monomer size in the micron-sized dust increases, their
normalized F;; approach those of the MAVAPs.

In addition, we analyzed the MAVAPs as if they were aster-
oids. First, we derived their polarimetric color, which reveals
a clear polarimetric phase blueing for all MAVAPs from aj,y
toward larger phase angles. Within the NPB, the polarimetric
color is slightly blue and becomes nearly neutral close to aipy.
Such polarimetric phase blueing is commonly observed in aster-
oids, suggesting a similar trend between asteroid surfaces and
the MAVAPs. We also fit the NPBs using the well-known linear-
exponential function developed by Kaasalainen et al. (2003) and
Muinonen et al. (2009b). The fit curves reliably reproduce the
NPBs within the angular range used for the adjustments (from
0° and 30° of phase angle). However, extrapolations beyond this
range generally fail to accurately predict the DLP behavior. The
fits allowed us to retrieve key NPB parameters and to explore
their dependence on the physical properties of the MAVAPs.
Access to measurements at two sufficiently separated visible
wavelengths allowed us to investigate the chromatic behavior
of the retrieved parameters. The MAVAPs exhibit sizes much
larger than the wavelength of the incident light. Furthermore, we
can assume similar surface roughness since they belong to the
same bulk sample. Therefore, we can assume that their chem-
ical composition dominates their scattering behavior. Finally,
we attempted an approximate taxonomic classification of the
MAVAPs using the DLP -y map. Despite originating from
the same natural bulk material, the MAVAPs occupy different
regions of this parameter space according to their color. Dark
MAVAPs tend to exhibit similar parameter values to as dark
asteroids like C-type or Ch-type ones. In contrast, light MAVAPs
tend to exhibit similar parameter values to S-type or even E-
type asteroids. Nevertheless, the MAVAPs are much smaller
than a whole ordinary asteroid, but their sizes could be rep-
resentative for the pebbles covering the asteroidal regolith or
the grains ejected by active asteroids (Hergenrother et al. 2020;
Raducan et al. 2024). Moreover, our measurements are car-
ried out in a visible wavelength region that is comparable with
several astronomical observations of rocky bodies. This could
indicate that for extremely large size parameter bodies, the nano
and micro surface roughness might be more important than the
macroscopic features.

This work represents the first application of the CoDuLab
apparatus combined with an acoustic levitator to investigate
the photopolarimetric properties of individual millimeter-sized
pebbles. The results presented here open new possibilities for
exploring novel types of samples, helping to bridge the existing
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gap in the photopolarimetric behavior between micron-sized dust
and regolith-like materials. This experimental setup will be used
in future studies to further investigate the effect of physical prop-
erties on scattering behavior. We will study the effects of surface
roughness and porosity introduced by the size distribution of the
monomers that compose the agglomerates. These investigations
will improve our understanding of light scattering produced by
cometary and asteroidal dust.

Data availability

The experimental data are freely available at the Granada-
Amsterdam light scattering database: scattering.iaa.es
under request of citation of this paper and Muioz et al. (2025).
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Appendix A: Other scattering matrix elements

Figure A.1 presents the measured experimental scattering matrix elements for MAVAP-6 at 488 nm, as an example of the aspect of
the measured scattering matrices for MAVAPs. These scattering matrix elements are presented as functions of the scattering (phase)
angle. Off diagonal elements fulfill the relations F,(0)/F11(0) = F21(0)/F11(0), F34(0)/F11(0) = —F43(0)/F11(0), or they are zero
within the experimental uncertainties. The element F|;(6) is normalized by F;(30°).
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Fig. A.1: Experimental scattering matrix elements for MAVAP-6 as functions of the scattering (phase) angle at 488 nm.
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Appendix B: Normalized residuals for the fits

Figure B.1 presents the residuals normalized by the experimental uncertainties. Most normalized residuals fall within +2, indicating
discrepancies smaller than two experimental standard deviations. Moreover, they are randomly distributed around zero without any
systematic sign bias. These both conditions indicate that the fits are reliable.
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Fig. B.1: Normalized residuals for MAVAPs at each wavelength. The region of optimum values is presented in gray. The vertical
dotted line is plotted at 30°. Values up to the dotted line correspond to the normalized residuals for the fits, while after the line they
are for extrapolated values.
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