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Abstract

Physical characterization of asteroid surfaces by studying the scattered light is chal-
lenging as the light-scattering processes are affected by the particle sizes, shapes, and
materials, which in most cases are unknown. When interpreting remote-sensing ob-
servations, it is important to choose the correct methods for realistic analyses. In the
past decades, several extensive studies have been carried out to understand asteroid
surfaces, however, none of the previously used models are able to interpret spec-
troscopy, photometry, and polarimetry at the same time with sufficient precision.
In the thesis, light-scattering methods were developed and utilized together with
laboratory measurements to characterize asteroid regoliths and meteorite surfaces.

The light-scattering methods presented in the thesis take into account both
wavelength-scale particles and particles larger than the wavelength of the incident
light, which is important as the models used for each wavelength domain are dif-
ferent, and the resonance region is difficult to account for. First, the reflectance
spectra of three meteorite samples are simulated using a model combining olivine,
pyroxene, and iron. The results are promising as we are able to match the simulated
spectra fairly well with the measured spectra. Second, spectroscopic, photometric,
and polarimetric modeling of asteroid (4) Vesta shows good results as the reflectance
spectra can be modeled with reasonable precision, and the modeled photometry and
polarimetry produce non-linear brightening and negative degree of linear polarization
in the backscattering direction that is also seen in the observations.

Finally, asteroid taxonomic classification is analysed by performing lightcurve
inversion for 491 asteroids using convex and ellipsoid shapes. We retrieve phase
curve slope parameters, rotation periods, pole orientations, shapes, reference phase
curves, and absolute magnitudes in the G band of the ESA Gaia space telescope.
Our analysis indicates that there can be mis-classifications in the current taxonomic
systems. Asteroid photometry complements the existing classifications based on
spectroscopy and provides us with a way to find the correct taxonomy.
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The forward methods of modeling the scattering properties of surfaces used in
the thesis are vital in future studies as they can be applied to other Solar System
objects, such as comets and satellite surfaces. Furthermore, retrieving the scattering
properties of asteroid surfaces plays a vital role in the future space missions, including
asteroid mining.

Asteroid lightcurve inversion is useful especially when carrying out taxonomic
classification as it provides additional information on the physical properties of the
surface. The upcoming Gaia Data Release 3 will be extensive enough for rotational
pole retrievals and will improve our current knowledge of the asteroids’ physical
properties.
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1 Introduction

Asteroids are irregularly shaped rocky Solar System bodies orbiting the Sun that
formed around 4.6 billion years ago from the colliding dust particles in the proto-
planetary disk. Some classes of asteroids are pristine samples of the early stages
of the Solar System and provide us information on the origin, evolution, and cur-
rent status of the asteroid population. The surface composition and structure of the
asteroids can be studied through sample-return, flyby, or rendezvouz missions, mete-
orite laboratory measurements, or by carrying out observations using ground-based
observatories or space telescopes. As space missions to asteroids are expensive and
relatively rare, we mostly rely on remote sensing techniques and laboratory work.

Asteroids are classified based on their dynamical or physical properties. From the
dynamical point of view, asteroids that are located between the orbits of Mars and
Jupiter are called main-belt objects (MBOs) that form the majority of the known
asteroids. Their average distance from the Sun ranges from 1.8 to 4.5 astronomical
units (au), and most of them are assumed to be formed from the protoplanetary
disk perturbed by Jupiter’s gravitation. The vast majority of Near-Earth objects
(NEOs) originate from the main belt. As their name indicates, NEOs’ orbits can
bring them close to the Earth which can cause an impact hazard. However, due to
their close proximity they can be accessed and studied better than the more distant
main-belt objects. NEOs contain rare natural resources, such as precious metals,
and are suitable to be studied by radar observations. Transneptunian objects are
the most distant Solar System asteroids. Their semimajor axes are greater than 30
au and they are located behind the orbit of Neptune. Transneptunian objects can be
further classified into Kuiper-belt objects (semimajor axis ď 55 au) and scattered-
disk objects (semimajor axis ą 55 au). Beyond the Kuiper belt and scattered disk,
resides the Oort cloud that is the source of the long-period comets. The Oort cloud
is thought to extend from 2,000 au to as far as 100,000 au.

The classification of asteroids based on the physical properties is associated with
taxonomical systems. Taxonomy is usually based on spectroscopic measurements
at optical and near-infrared regions (from 0.45 to 2.5 μm), but also photometric
and polarimetric measurements can be utilized (Martikainen et al., 2020; Penttilä
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et al., 2005; Oszkiewicz et al., 2011). Spectroscopy is the study of the interaction
of electromagnetic radiation and matter. A spectrum of an object describes how
much electromagnetic radiation is scattered, absorbed, or emitted by the object at
different wavelengths. Asteroid and meteorite spectra have different shapes, each
feature telling a story of the composition of the object. Broad absorption bands
are typical for reflectance spectra of complex minerals. Polarimetry is the study
of the polarization of light and photometry measures the intensity of an asteroid’s
electromagnetic radiation. A photometric phase curve describes the brightness of an
asteroid as a function of the phase angle (the Sun-object-observer angle) and can
be used to determine the light-scattering properties of the asteroid surface, such as
composition, roughness, and texture. A photometric lightcurve describes variation
in magnitude with time and gives us information on the asteroid’s rotation, size,
and composition (Harris and Lupishko, 1989). Polarimetric measurements are often
carried out at different wavelengths and contain information on the asteroid’s surface
composition (Penttilä et al., 2005).

The most common taxonomic systems that utilize asteroid spectra are the Tholen
(Tholen, 1989) and Small Main-Belt Asteroid Spectroscopic Survey (SMASS)/Bus-
DeMeo classifications (Bus and Binzel, 2002; DeMeo et al., 2009). The Tholen taxon-
omy is based on the broad-band spectra of 978 asteroids obtained by the Eight-Color
Asteroid Survey (ECAS). A few thousand asteroids are included in the SMASS tax-
onomy, whereas Bus-DeMeo extends the amount of asteroids in the SMASS by 371
and the wavelength range to 2.45 μm.

Table 1.1: Tholen and Bus-DeMeo taxonomic classification (Tholen, 1989; Bus and
Binzel, 2002; DeMeo et al., 2009).

Bus-DeMeo Tholen
S-complex S, Sa, Sq, Sr, Sv, A, Q, K, L, R S
C-complex B, C, Cb, Cg, Cgh, Ch C, B, F, G
X-complex X, Xc, Xe, Xk M, X, E, P
Small types D, Ld, O, T, V A, D, T, Q, R, V

About 75% of all known asteroids are classified into the C-complex. They are
typically dark, carbon-rich, and contain hydrated minerals. Their spectral features
are similar to carbonaceous chondrites that are primitive, undifferentiated meteorites
containing water and organic compounds. The S-complex are the second most com-
mon asteroids, and are brighter than the C-complex. They are located in the inner
part of the asteroid main belt and consist of silicates. The intrinsic brightness of the
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Chapter 1. Introduction

X-complex asteroids is approximately equal to the S-complex. In the Tholen classifi-
cation, X-complex is divided into M, X, E, and P types. The mineralogy within the
X-complex varies significantly, however, M types are assumed to typically contain
nickel-iron, whereas enstatite is common in E types. The most significant asteroids
classified under small types is the V type that originates from (4) Vesta. V types
are similar to S types both chemically and in brightness, however, they contain more
pyroxene that leaves its own signature in the spectra.

When interpreting remote-sensing data, we must understand light scattering by
a regolith, a layer of small grains covering the asteroid’s surface. However, this is not
a simple task as light scattering by small Solar System bodies is not fully understood
and remains an open problem. Observations are affected by the geometry of the
object, the Earth’s atmospheric effects, and physical and chemical composition of
the regolith. Furthermore, asteroids are under constant bombardment of microm-
eteoroids, solar wind, and cosmic rays that create nano-scale iron particles on the
surface. This alteration, known as space weathering, decreases the albedo, as well as
reddens and flattens the spectral features (Clark et al., 2002; Penttilä et al., 2020).

Laboratory studies are essential when trying to understand the light scattering
physics involved. Meteorites are almost untouched samples of their parent bodies and
examining them in a well-controlled environment gives us information on their parent
asteroids’ composition and structure. Several studies have created samples that
mimic asteroid, comet, lunar, and martian surfaces in order to understand their light-
scattering properties. However, creating realistic samples can be challenging due to
the laboratory environment being very different from that in space. Asteroids are
surrounded by vacuum and affected by space weathering and collisions between other
asteroids, moreover, meteorite surfaces are free of regolith that forms on asteroid
surfaces in low gravity. These conditions must be somehow taken into account (Tang
et al., 2012; Kohout et al., 2014). Another approach is to study the most common
materials that dominate asteroid spectra (such as olivine, pyroxene, carbon, and
iron) and, for example, retrieve their refractive indices that can be further used in
light-scattering simulations.

There are multiple approaches to model light scattering by asteroid regoliths.
The most commonly used model favored by many planetary scientists is the Hapke
model (Hapke, 1963; Hapke, 2008) that was named after its developer Bruce Hapke.
Many studies have shown that using the model is feasible when standardizing remote
sensing data (Simonelli et al., 1996) but the limitations of the model become promi-
nent when using it to characterize light-scattering properties: the model parameters
describing particle sizes or roughness become unrealistic (Shepard and Helfenstein,
2007).
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Numerical methods that are based on the Maxwell equations are widely used to
interpret observational data and laboratory measurements. These methods require
real physical properties as input parameters, such as the volume fraction of the par-
ticles, shape and size distribution, and complex refractive indices. Exact methods
that solve the Maxwell equations are mostly inapplicable when modeling asteroid
regoliths due to the amount of particles and wavelengths in the system, and the
restrictions the computing capacity sets (Egel et al., 2017). To make the computa-
tions faster and less demanding, approximate multiple scattering methods, such as
ray-tracing with geometric optics approximation (Stankevich and Shkuratov, 2002;
Muinonen et al., 1996; Väisänen et al., 2020), are used.

In this thesis, I have developed and utilized robust numerical methods to char-
acterize light-scattering properties of meteorites and asteroids at UV-Vis-NIR wave-
lengths. The experimental methods carried out in this thesis included spectroscopic
measurements of various samples.

In Chapter 2, I present briefly the basic scattering theory and concepts behind the
numerical methods. In Chapter 3, I introduce the light-scattering codes used in the
simulations, and in Chapter 4, I describe the simulation frameworks used to model
meteorites and asteroids in more detail. The author’s contributions and included
papers are summarized in Chapter 5. Chapter 6 is dedicated to the concluding
remarks, and finally, Papers I–VII are presented.
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2 Light scattering

In the following, I present a brief introduction to the light-scattering theory behind
the methods used in the scattering simulations in Chapter 4.

2.1 Inhomogeneous waves

The Maxwell equations can be written as in Griffiths (2013),

∇ ¨ Dpr, tq “ ρf pr, tq,
∇ ¨ Bpr, tq “ 0,

∇ ˆ Epr, tq “ ´BBpr, tq
Bt ,

∇ ˆ Hpr, tq “ Jf pr, tq ` BDpr, tq
Bt ,

(2.1)

with D describing the electric field displacement, H and E describing the magnetic
and electric fields, B describing the magnetic flux density, and Jf and ρf describing
the free-current and free-charge densities. By using Eq. 2.1 and by assuming a non-
magnetic medium, charge-free and current-free system, we can find a solution for the
plane wave Epr, tq:

Epr, tq “ E0 exppik ¨ r ´ iωtq, (2.2)

where E0 is a constant, and ω is the angular frequency. In an absorbing medium, k
is the wave vector

k “ kpN ê ` iK f̂q, (2.3)

in which N and K are medium-specific, apparent refractive indices, k is the wave
number k “ 2π{λ with λ denoting the wavelength, and f̂ and ê being the unit normals
to the planes of constant amplitude and phase (Dupertuis et al., 1994; Chang et al.,
2005). The optical properties of a material are described with the complex refractive
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2.2. Basic definitions

index m “ mre ` imim. The real part of the refractive index, mre, is the ratio of
the speed of light in free-space and the phase velocity of an electromagnetic wave
in the medium. The imaginary part, mim, relates to the absorption in the medium.
According to Chang et al. (2005), in the case of mim{mre ą 0.01, inhomogeneous
waves (ê ¨ f̂ ‰ 0) need to be considered. By substituting k in Eq. 2.2, we obtain an
equation describing the inhomogeneous plane waves:

Epr, tq “ E0 expp´kK f̂ ¨ rq exppikN ê ¨ r ´ iωtq. (2.4)

2.2 Basic definitions

When considering far fields in free space, the electric field can be presented with
components parallel (E‖) and perpendicular (EK) to the scattering plane (Bohren
and Huffman, 1983) :

E “ E‖ê‖ ` EKêK (2.5)

that can be further related to a Stokes vector that describes the polarization of
radiation and consists of four Stokes parameters

I “

¨̊
˚̋ I
Q
U
V

‹̨‹‚“

¨̊
˚̋̊xE‖E˚

‖ ` EKEK̊y
xE‖E˚

‖ ´ EKEK̊y
xE‖EK̊ ` EKE˚

‖ y
ixE‖EK̊ ´ EKE˚

‖y

‹̨‹‹‚, (2.6)

in which I is the intensity of light, Q and U are the linear polarization states, and
V is the circular polarization state. For unpolarized light, Q “ U “ V “ 0, for
fully polarized light I2 “ Q2 ` U2 ` V 2, and for partially polarized light I2 ą
Q2 ` U2 ` V 2 ą 0. The degree of polarization p is written as

p “
a
Q2 ` U2 ` V 2

I
. (2.7)

A scattering event can change the state of the incident light. This change is fully
described in a 4ˆ 4 Mueller matrix that is called a scattering matrix or a scattering,
phase matrix depending on how it is scaled. The 4 ˆ 4 matrix is a function of the
scattering angle θ or the phase angle α “ π ´ θ, and depends on the orientation of
the particle when the particle is asymmetric.

After a light beam interacts with an object, part of it can either scatter or be
absorbed. Multiple factors affect the amount of scattering and absorption: size and
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Chapter 2. Light scattering

Figure 2.1: Geometry of light scattering event by an irregular particle following
Bohren and Huffman (1983).

shape of the object, optical properties (such as the complex refractive index), and
the wavelength of the incident light. A scattering event can be described with the
help of the scattering matrix S:¨̊

˚̋ Isca
Qsca

Usca

Vsca

‹̨‹‚“ 1

k2R2
0

¨̊
˚̋S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44

‹̨‹‚
¨̊
˚̋ Iinc
Qinc

Uinc

Vinc

‹̨‹‚. (2.8)

For sunlight (unpolarized), the scattered intensity relates to the component S11.
When studying light scattering by planetary surfaces, we are mainly interested in
the phase function S11pαq and the degree of linear polarization ´S21pαq{S11pαq.

The physical size of an object can be defined using a size parameter x “ ka,
where k is the wave number and a is the mean radius. Depending on the real part of
the refractive index mre, light scattering can be divided into different regions. With
mre « 1.5, the three main regions are geometric optics (x ąą 1), resonance (x « 1)
and Rayleigh (x ăă 1). In the thesis, geometric optics and resonance regions are
studied, whereas the Rayleigh region is not relevant for regolith particles at Vis-NIR
wavelengths and is thus omitted from the simulations.

7



2.3. Ray optics

2.3 Ray optics

Light scattering by particles that are larger than the wavelength of the incident light
can be solved with the help of ray optics. The 4 ˆ 4 phase matrix P is given by

P “ 4π

k2σsca
S, (2.9)

where σsca is the ensemble-averaged scattering cross section that describes the total
scattered power and S is the 4 ˆ 4 scattering matrix. The incident and scattered
Stokes vectors Iinc and Isca are related as

Isca “ σsca
4πR2

0

PIinc, (2.10)

in which R0 is the distance from the particle to the observer, and P is normalized asż
4π

dΩ

4π
P11 “ 1. (2.11)

Considering particles that are larger than the wavelength, σsca can be divided into
a ray-tracing part σRT and a forward-diffraction part σD (Muinonen et al., 2009):

σsca “ σD
sca ` σRT

sca . (2.12)

The extinction cross section σext can be written as

σext “ σabs ` σsca (2.13)

with σabs describing the absorption cross section. The single-scattering albedo ω̃ is

ω̃ “ σsca
σext

. (2.14)

Following the geometric-optics treatment for external incidence, Snel’s law is
applied in the form

sin θi “ Repmq sin θτ , (2.15)

where θτ and θi are the angles of refraction and incidence. The Mueller matrices for
refracted and reflected rays are

MR “ R ¨ K ¨ Minc,

MT “ T ¨ K ¨ Minc, (2.16)

8



Chapter 2. Light scattering

in which K is the rotation to the plane of incidence, and R and T are the Fresnel
reflection and transmission matrices (Muinonen et al., 1996):

K “

»————–
1 0 0 0

0 cos 2ψ sin 2ψ 0

0 ´ sin 2ψ cos 2ψ 0

0 0 0 1

fiffiffiffiffifl ,

T “ 1

2

»————–
t‖t˚

‖ ` tKtK̊ t‖t˚
‖ ´ tKtK̊ 0 0

t‖t˚
‖ ´ tKtK̊ t‖t˚

‖ ` tKtK̊ 0 0

0 0 2Rept‖tK̊q 2Impt‖tK̊q
0 0 ´2Impt‖tK̊q 2Rept‖tK̊q

fiffiffiffiffifl ,

R “ 1

2

»————–
r‖r˚

‖ ` rKrK̊ r‖r˚
‖ ` rKrK̊ 0 0

r‖r˚
‖ ` rKrK̊ r‖r˚

‖ ` rKrK̊ 0 0

0 0 2Repr‖rK̊q 2Impr‖rK̊q
0 0 ´2Impr‖rK̊q 2Repr‖rK̊q

fiffiffiffiffifl . (2.17)

Here ψ denotes the rotation angle, whereas r‖, rK, t‖ and tK are Fresnel coefficients

r‖ “ m cos θi ´ cos θt
m cos θi ` cos θt

, rK “ cos θi ´ m cos θt
cos θi ` m cos θt

,

t‖ “ 2 cos θi
m cos θi ` cos θt

, tK “ 2 cos θi
cos θi ` m cos θt

. (2.18)

The internal and external incidences are treated the same way, however, the internal
incidence allows the rays to be totally reflected or attenuated.

In this thesis, I use ray optics with diffuse and specular interactions (RODS)
developed by Muinonen et al. (2009), Lindqvist et al. (2018), and Martikainen et al.
(2018) where rays are traced until a specific number of reflections and/or refractions
and/or diffuse scattering events are performed. To address internal inhomogeneities,
diffuse scattering from small internal scatterers is taken into account. This is done
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2.4. Coherent backscattering

using the scattering phase matrix, single scattering albedo, and extinction mean
free-path length � (the average distance traveled by the ray):

� “ 1

κe
, (2.19)

where κe is the extinction coefficient written as

κe “ nQextπa
2
0 “ 3νQext

4a0
, (2.20)

in which Qext is the extinction efficiency, n is the number density, and ν is the volume
density. In Paper V, extinction distance distributions are used instead of a single
value for the extinction mean free path. The diffuse scattering treatment is explained
in detail by Muinonen et al. (2009).

2.4 Coherent backscattering

Multiple studies have shown that at the opposition (when the phase angle approaches
zero) the asteroid surface intensity peaks, and the degree of linear polarization shows
a negative surge (e.g. Gehrels et al., 1964; Shkuratov et al., 2002). This phenomenon
is known as the opposition effect and for a long time it was not properly understood.
The strength of the opposition brightening depends on the surface properties. At
first, it was thought that the regolith particles shadowing each other are the source of
the effect (Hapke, 1963) but later studies have shown that the coherent backscattering
mechanism (CBM) plays a part (Shkuratov, 1988; Muinonen, 1990; Muinonen et al.,
2011). CBM is caused by a constructive interference between two waves traveling the
same paths but in opposite directions. The effect is significant near the backscattering
direction (Mishchenko et al., 2006) and needs to be accounted for when modeling
light scattering by asteroid surfaces. The phase difference Δφ between these waves
in opposite paths is given by the positions of the first and last scatterers r0 and rn,
and the directions of the scattered and incident field k̂f and k̂i:

Δφ “ kpk̂f ` k̂iq ¨ prn ´ r0q. (2.21)

2.5 Particle shapes

In order to simulate light scattering by different surfaces, we need to define the shapes
and sizes of the surface particles that interact with the incident light. This can be
quite challenging as on planetary surfaces the particle shapes and sizes are unknown
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Chapter 2. Light scattering

Figure 2.2: A collection of Gaussian-random-sphere particles.

and differ from one particle to another. However, with some random particle models
and size distributions, we can simulate the surface with reasonable accuracy. In this
thesis, particles that are larger than the wavelength are simulated using Gaussian
random spheres (GRS). As wavelength-scale non-spherical particles scatter the light
most effectively in the resonance domain, we introduce Voronoi particles to include
faceted particles suitable for producing volume elements.

2.5.1 Gaussian-random-sphere particles

A GRS is defined as an infinite ensemble of sample particles that is obtained from
the probability density function for the Gaussian random sphere r “ rpθ, φqer that
is described in spherical coordinates pθ, φq. GRS particles are widely used in light-
scattering simulations as they are statistically well-defined irregularly-shaped par-
ticles that can be easily generated using the following equations (Muinonen et al.,
2009):

rpθ, φqer “ aexp[spθ, φq]?
1 ` σ2

er,

spθ, φq “
8ÿ
l“0

lÿ
m“´l

slmYlmpθ, φq,

sl,´m “ p´1qmsl̊m, (2.22)

where s “ spθ, φq is the logarithmic radial distance, σ is the relative standard devia-
tion, a is the mean standard deviation for the radial distance, slm are the Gaussian
random variables with zero means, and Ylm are the orthonormal spherical harmonics.

The standard deviations of Re(slm) and Im(slm) are obtained from the covariance
function Σs for the random variables. The covariance function describes the auto-
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2.5. Particle shapes

covariance of the random variables spϑ1, ϕ1q and spϑ2, ϕ2q, and is obtained from a
series of Legendre polynomials Pl:

Σspγq “
8ÿ
l“0

ClPlpcos γq,
8ÿ
l“0

Cl “ logep1 ` σ2q (2.23)

where γ is the angular distance and the coefficients Cl ě 0pl “ 0, ...,8q. The random
variables slm are written as

slm “
c

2πCl

2l ` 1

´
xG

a
1 ` δm0 ` iyG

a
1 ´ δm0

¯
,

l “ 0, 1, ...,8, m “ 0, 1, ..., l, (2.24)

in which xG and yG are Gaussian random variables with zero means and standard
deviations that equal to unity.

Parameters describing the Gaussian random sphere are a and Cl. By choosing
the power-law covariance function, Cl can be further parameterized:

C0 “ C1 “ 0, (2.25)

Cl “ rC
lν0

, l “ 2, 3, ..., lmax, (2.26)

rC lmaxÿ
l“2

1

lν0
“ logep1 ` σ2q ñ rC “ logep1 ` σ2q

«
lmaxÿ
l“2

1

lν0

ff´1

, (2.27)

in which rC is a normalization constant, and the standard deviation σ and the power
law index ν0 are statistical shape parameters.

2.5.2 Voronoi particles
Voronoi tesselation is a space partition where the cells are defined as volumes of
shortest possible distance to the seed point of that cell. The so-called Voronoi par-
ticles, which consist of these Voronoi cells, can be generated using an algorithm
introduced by Markkanen et al. (2015) and Zubko et al. (2009). The algorithm gen-
erates a Voronoi-partitioned sphere that consists of Voronoi cells made of tetrahedral
elements. Large-scale irregular structure is created by removing Voronoi cells that
touch the surface of the sphere. Porosity is added to the particle by randomly remov-
ing cells using the porosity parameter. Additionally, inhomogeneities can be included
by randomly choosing the complex refractive index with a given probability for each
Voronoi cell.
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Figure 2.3: A Voronoi particle consisting of Voronoi cells.

2.6 Asteroid photometric models

Asteroid photometry provides us with information on the physical properties and
composition of the surface. Phase curves are mostly linear in the magnitude scale
except close to the backscattering direction, where a brightness surge can be seen.
Obtaining a phase curve requires the retrieval of an asteroid’s rotational lightcurves
over a range of phase angles with high photometric accuracy. Fitting a phase function
to the obtained apparent magnitudes and the corresponding phase angles gives the
absolute magnitude and photometric parameters. Absolute magnitude is the magni-
tude value at zero phase angle and the photometric slope parameter describes how
steep the phase function is. These quantities are related to the asteroid’s taxonomic
class, geometric albedo, porosity, particle size distribution, and packing density. In
the thesis, we use the H,G1, G2 and H,G12 phase functions developed by Muinonen
et al. (2010) to retrieve absolute magnitudes and phase curve slope parameters. The
H,G1, G2 phase function is designed for extensive and accurate photometric data
spanning small and large phase angles, whereas the H,G12 phase function is de-
signed for limited ranges of phase angles and is thus useful when interpreting the
Gaia observations.
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3 Light-scattering codes

Light scattering by planetary surfaces can be simulated with various different compu-
tational methods that each have their own strengths and weaknesses. Some codes are
fast, some are built for accuracy but have limitations regarding the computational
demands, some use only specific, simplified scattering geometries and sizes. There is
no single code that is applicable to every case. Depending on what we want to model
and what computational capacities are available, we must choose the methods that
are best suited to solve the light-scattering problem at hand. The codes used in this
thesis are SIRIS, JVIE, RT-CB, and LCI which are described in more detail below.
SIRIS, JVIE, and RT-CB are based on forward methods that numerically derive
what should be observed, whereas LCI uses inverse methods, in which the physical
properties are obtained from the observations by inverting the model parameters.

3.1 Forward methods

3.1.1 SIRIS

SIRIS is a geometric optics code originally developed by Muinonen et al. (2009).
It is a ray tracer that uses the classical Snel’s law and the Fresnel reflection and
refraction matrices to retrieve scattering properties of the GRS particles with or
without internal diffuse scatterers.

In a strongly absorbing medium, the electromagnetic waves are inhomogeneous,
implicating that the amplitude and phase vectors do not generally coincide (Epstein,
1930). This means that Snel’s law and the Fresnel’s equations should not be used in
their classical forms that only account for the real-valued variables. Furthermore, the
attenuation of radiation caused by absorption cannot be computed using a simple
exponential attenuation along the ray path as it does not account for the inhomo-
geneous waves. Chang et al. (2005) showed that if the inhomogeneous nature of
waves is omitted from the simulations, it causes errors. To correct these errors, we
implemented inhomogeneous waves with a generalized Snel’s law (Dupertuis et al.,
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Chapter 3. Light-scattering codes

Figure 3.1: An example scattering medium consisting of GRS particles with a power-
law size distribution.

1994) into the new SIRIS4 (see Paper II), that was further upgraded in Paper III
with the implementation of diffuse scatterers.

SIRIS4 generates multiple rays outside the scattering medium. The rays hit the
surface of the particle where they can be reflected and refracted. In case diffuse
scatterers are included within the particle, the rays that enter the medium can scat-
ter diffusively and change the direction of propagation. In an absorbing medium,
radiation is attenuated along the ray path, and if the intensity of a ray drops below
a specified cutoff limit it will be killed. The user-defined input contains the shape,
size, and optical properties (such as the complex refractive index) of the particle,
wavelength of the light, and the volume fraction and scattering properties of the
diffuse scatterers.

The latest framework of SIRIS uses arbitrary meshes that describe the scattering
medium (see Paper V). The meshes are created by placing particles randomly inside
a periodic box. The volume is iteratively shrunk towards a desired volume fraction
while randomly moving the particles and allowing them to pack more tightly. Dif-
ferent scattering medium geometries can then be extracted from the box (see Fig.
3.1). This version supports various materials with or without diffuse scatterers.
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3.1.2 JVIE

JVIE is an electric-current volume-integral equation solver developed by Markkanen
et al. (2012) that computes light-scattering properties of irregularly shaped parti-
cles. It uses geometries that consist of tetrahedral elements and solves the T -matrix
(Waterman, 1965) that describes the light-scattering characteristics of the scatter-
ing medium. JVIE uses numerically exact methods to solve the Maxwell equations,
and is thus computationally demanding. In Paper VI, JVIE was used to simulate
Voronoi-shaped particles in the resonance domain.

3.1.3 Radiative Transfer with Coherent Backscattering

Radiative Transfer with Coherent Backscattering (RT-CB) is an approximate method
developed by Muinonen (2004). It generates multiple rays with different Stokes
parameters, traces them within the diffuse medium, and computes the scattering
matrix of the medium. The rays travel inside the medium until an interaction with
a diffuse scatterer changes the direction of the propagation.

In RT-CB, every diffuse scattering event generates rays that are peeled off and
collected outside the medium. The collected intensity is subtracted from the original
ray that keeps propagating and diffusely scattering inside the medium until its in-
tensity drops below the cutoff limit. The CB part is computed so that after a diffuse
scattering event, another ray is similarly traced in the reverse order. In Paper VI, we
collected the averaged scattering matrix computed with SIRIS, and the amplitude
scattering matrix computed with JVIE into a single averaged scattering phase matrix
which was then modified into the form of a pure Mueller matrix as an input for the
RT-CB simulations.

3.2 Inverse methods

3.2.1 LCI

Lightcurve inversion (LCI) is an algorithm developed by Muinonen et al. (2020), see
also Kaasalainen et al. (1992) and Lamberg (1993), that uses triaxial ellipsoid (EI) or
general convex shapes (CXI) to retrieve rotation periods, pole orientations, shapes,
and phase curve parameters from lightcurve observations.

For CXI, the given input vector is P “ pP, λ, β, φ0, s00, ..., slmaxlmax , p,G1,
G2, DqT, where the parameters are rotation period, ecliptic pole longitude,
ecliptic pole latitude, rotational phase at a given epoch t0, shape parameters
s00, ..., slmaxlmax , geometric albedo p, G1 and G2 parameters of the H,G1, G2 phase
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function, and the diameter D. In the case of the EI, the parameters are P “
pP, λ, β, φ0, a, b, c, p,G1, G2, DqT, in which a, b, and c are the ellipsoid semiaxes.
For both inverse methods, the geometric albedo and the diameter are omitted from
the model. Additionally, the rotational phase φ0 is an unnecessary input parameter
in CXI since it is being accounted for in the model.

First, LCI uses Levenberg-Marquardt least-squares optimization method (for
CXI) or the Nelder-Mead downhill simplex algorithm (for EI) to find the best-fit
spin, shape, and scattering parameters for the given observations. Second, virtual
observations are generated by adding Gaussian random errors to the actual obser-
vations, and the Levenberg-Marquardt optimization or the Nelder-Mead downhill
simplex algorithm is used to find their best-fit spin, shape, and scattering parame-
ters. Finally, Markov-Chain Monte Carlo -method is performed with the help of the
virtual least-squares solutions to sample the spin, shape, and scattering parameters.
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4 Modeling the surface

When modeling planetary materials, there are several aspects to consider. Our free
samples of the Solar System, meteorites, are small in size, and their surfaces differ
significantly from those of asteroids. Asteroid regolith is known to consist of particles
of various sizes, shapes, and optical properties packed in low gravity, whereas those
meteorites that remain in our collections are solid pieces of rock. In this thesis, I
introduce new methods to model the reflectance spectra of various meteorite surfaces,
and then proceed to study the spectroscopy, photometry, and polarimetry of asteroid
regoliths.

4.1 Meteorite mineralogy

Meteorites are divided into groups based on their structure, mineralogy, and chemical
and isotopical composition (Clayton and Mayeda, 1989). The majority of meteorites
are classified into chondrites or achondrites. Chondrites are stony meteorites that
contain chondrules, small particles consisting of silicate minerals olivine and pyrox-
ene.

Chondrites can be further divided into enstatite chondrites, ordinary chondrites,
carbonaceous chondrites, kakangari chondrites, and rumuruti chondrites. Enstatite
chondrites are rare meteorites that have a high abundancy of enstatite mineral. Or-
dinary chondrites are the most common type of meteorite to fall to Earth, and they
contain Fe-Ni metal and troilite. Ordinary chondrites are further divided into H
chondrites (high total iron and high metal contents), L chondrites (low total iron
content), and LL chondrites (low total iron and low total metal contents). Car-
bonaceous chondrites are rich in carbon and they typically contain water or minerals
altered by water. Kakangari chondrites and rumuruti chondrites are very rare as only
a few meteorites have been classified into one of the groups. The petrologic and oxy-
gen isotopic charasteristics of Kakangari chondrites are unique and distinguishable
from other chondrites (Weisberg et al., 1996). Rumuruti chondrites are oxidized,
contain little Fe-Ni and are assumed to originate from a regolith of an asteroid.

18



Chapter 4. Modeling the surface

Achondrites are stony meteorites that do not contain chondrules. Their parent
asteroid has typically experienced melting and differentiation, and their material is
similar to terrestrial basalts. Achondrites are divided into primitive achondrites, as-
teroidal achondrites, Lunar achondrites, and Martian achondrites. Asteroidal achon-
drites are further divided into HED meteorites, angrites, and aubrites. The majority
of achondrites are from the HED group that consists of howardites, eucrites, and
diogenites, and is assumed to originate from asteroid (4) Vesta (McSween et al.,
2013). Eucrites contain pyroxene-rich basaltic rock from the crust of Vesta, whereas
diogenites are rich in orthopyroxene originating from deeper parts of Vesta’s crust.
Howardites typically contain fragments of eucrite and diogenite. Angrites contain
mostly augite mineral, whereas aubrites consist of orthopyroxene enstatite.

In our simulation framework (see Paper III), we have utilized clinopyroxene,
bronzite (orthopyroxene), olivine, and iron. Pyroxenes are minerals abundant in
basalts that contain mostly calcium, iron, and magnesium. Pyroxenes can be divided
into clinopyroxenes and orthopyroxenes based on how they crystallize. Olivine is a
common mineral on Earth that contains magnesium, iron, and silicates.

4.2 Meteorite spectroscopy

Meteorites travel a long way before they reach the ground: typically their jour-
ney starts after an impact releases them from the surface of their parent asteroid.
Collisions between asteroids produce shockwaves that fragment the surface creating
pockets and veins filled with shock-melted materials, such as sulfides and metallic
iron (Kohout et al., 2014). After its release from the parent asteroid, the meteorite
experiences space weathering that alters its surface properties, until it finally enters
the Earth’s atmosphere that melts its outer layer forming a fusion crust. If not col-
lected immediately, physical and chemical terrestrial weathering starts to alter the
surface. Here, I present the experimental and numerical methods to simulate the
spectral properties of meteorite samples.

4.2.1 Experimental methods

In Paper I, we measured the reflectance spectra of 30 meteorite samples with the
University of Helsinki integrating-sphere UV-Vis-NIR spectrometer that has a quartz
tungsten-halogen and a deuterium light source. The incoming light was collected us-
ing a 2.5-mm circular aperture, and a 2.5-mm rectangular slit. The wavelength range
of the measurements was from 250 to 2500 nm with 5-nm sampling steps. Our mete-
orite sample collection was borrowed from the Finnish Museum of Natural History,
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Figure 4.1: The University of Helsinki UV-Vis-NIR spectrometer.

and contained 23 ordinary chondrites, 4 HED meteorites, one aubrite, one carbona-
ceous chondrite, and one enstatite. The measured surfaces were either polished or
unpolished, and free of fusion crust.

4.2.2 Retrieval of complex refractive indices

Our light-scattering methods require the complex refractive indices as the material
parameter, and thus they need to be retrieved for the modeled wavelength region.
This is usually a problem because only a few materials have well-defined complex
optical properties that can be found from existing databases. To model the meteorite
spectra, we wanted to use three of the most common materials that dominate their
spectral features: olivine, pyroxene, and iron. The complex refractive indices of
olivine and iron could be found from Jena Database of Optical Constants for Cosmic
Dust and Refractiveindex.info. However, we could not find the optical constants
for pyroxene. For our modeling purposes, we developed an optimization algorithm
that uses the measured reflectance spectra of the material and SIRIS4 with GRS
shapes to derive the imaginary part of the complex refractive index mim. First,
the method was validated by deriving the mim for clinopyroxene and then further
applied to retrieve the mim of bronzite that was used in the spectral model. The
optimization algorithm is described in detail in Paper III. The validation of the mim

with clinopyroxene shows that the obtained mim is not grain-size specific, and can
be used to model various sizes with high precision (see Fig. 4.6).

4.2.3 Spectroscopic model

In Paper III, we used the measured spectra of Kisvarsany (H ordinary chondrite),
Johnstown (Diogenite), and St. Germain du Pinel (L ordinary chondrite) meteorites
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Figure 4.2: The spectra of clinopyroxene modeled with the derived mim for different
grain sizes.

Figure 4.3: The Kisvarsany, Johnstown, and St. Germain du Pinel meteorite samples.

to model their spectral features. All of the samples were "falls", collected after their
fall through the atmosphere was observed. The measured surfaces were unpolished
and free of fusion crust.

For this work, SIRIS4 was updated to account for diffuse scatterers that constitute
an internal medium spanning uniformly across the particle interior. We modeled the
meteorite spectra so that small iron particles with a diameter of 6 μm were added
inside a mixture of olivine and pyroxene. For each meteorite, the best match between
the modeled and the measured spectrum was obtained by utilizing different amounts
of microiron scatterers inside a medium containing different ratios of olivine and
pyroxene. All of the meteorite spectra were modeled at an absolute reflectance level
without any normalizations.

The results show that by using only three different materials, our methods are
capable of simulating meteorite spectra with good precision. However, the model
used for this work was preliminary and multiple factors must be considered when
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Figure 4.4: The modeled and measured absolute reflectance spectra of Kisvarsany,
Johnstown, and St. Germain du Pinel meteorites.

studying the differences between the modeled and measured spectra. There are many
types of olivines and pyroxenes, and the types that we used in our model could have
been different in the meteorite sample. Furthermore, the meteorite surfaces were
modeled as if they were powder. This causes an error in the absolute level of the
spectrum as powders are generally brighter than flat, solid surfaces.

4.3 Asteroid (4) Vesta

As the Dawn space probe visited Vesta in 2011, it is a relatively well-known asteroid
and a good candidate to test our light-scattering methods on. Furthermore, Vesta’s
surface is not significantly affected by space weathering and, thus, it can be omitted
from the model. Below, I present the results and simulation framework for the
spectroscopy, photometry, and polarimetry of (4) Vesta.

4.3.1 Spectroscopy, photometry, and polarimetry

In Paper IV, we modeled the absolute reflectance spectra of Vesta that were observed
by Reddy (2011). The final dataset consisted of 12 spectra that were observed at a
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17.4˝ phase angle. Using the prior knowledge that Vesta’s surface regolith consists
mostly of howardite, we needed to use one material in the simulations. The required
complex refractive indices were derived using the optimization algorithm (see 4.1.2)
and the measured reflectance spectrum of howardite powder.

The absolute spectral modeling was carried out for the wavelength region of 0.4
to 2.5 μm with 0.1 μm steps. As regolith grains have various shapes and sizes, we
used the power-law distribution of GRS particles with different power-law indices to
characterize different particle sizes. The computations were performed using SIRIS4
with GRS shapes for three size ranges: 10 to 50 μm, 10 to 100 μm, and 10 to 200
μm. Since the observed spectra were measured at a 17.4˝ phase angle, shadowing
can affect the absolute level of the spectrum, and thus the final simulated spectra
were studied at the same angle. The results show that the most realistic size range
from 10 to 200 μm produces an excellent match with the observations when using
a realistic power-law index 3.2. This suggests that Vesta’s surface is dominated
by small howardite particles which is consistent with previous studies (Hiroi et al.,
1994). The small differences, mainly in longer wavelengths, between the modeled
and observed spectra can be caused by, first, omitting resonance domain particles
from the model, second, not accounting for temperature effects, third, using a wrong
type of howardite or too few materials in the model, or fourth, using an incorrect
particle size distribution.

To further analyse how much the shapes of the GRS can affect the model, we
performed sensitivity tests on the derived mim and the simulated spectra. The results
show that the derived mim did not vary significantly. However, the error caused by
the shape on the simulated spectrum was 0.2 in the modeled reflectance.

In Paper VI, we completed the modeling work for Vesta by taking into account
photometric and polarimetric observations at λ “ 0.45 μm. The opposition effect
seen in the observations is assumed to be caused by the wavelength-scale particles,
and thus they needed to be added into the model and combined with the larger
particles computed earlier. We performed the resonance domain computations using
Voronoi particles in JVIE. The averaged scattering matrix of the large particles, and
the amplitude matrix of the wavelength-scale particles were then used as input for
RT-CB to retrieve the scattering properties of a surface that contained both small and
large particles. The best match between the modeled values and the observations
was obtained by assuming the fraction of the small-particle medium in the Vesta
regolith to be 1%.

By taking into account wavelength-scale particles, we are able to produce the
non-linear brightness surge and the negative degree of linear polarization at the
backscattering direction seen in the observed photometric and polarimetric phase
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4.4. Asteroid phase curve parameters from Gaia data

Figure 4.5: The modeled and measured absolute reflectance spectra of Vesta.

curves. At 0.45 μm, Vesta’s geometric albedo value retrieved by our model is 0.32
which is in agreement with observations. However, the simulations were carried
out for a single wavelength because there is no observational data for the whole
wavelength region. Future studies should include several wavelengths to see the
effect of the wavelength-scale particles on the whole spectrum.

In general, our study shows that modeling the asteroid regolith is challenging.
Choosing the suitable particle shapes, size distributions, materials, and numerical
methods is not straightforward, and typically there are multiple ways to model the
surface. Additionally, space weathering plays a part on most asteroids, and needs to
be accounted for (see, e.g. Penttilä et al., 2020).

4.4 Asteroid phase curve parameters from Gaia data

Asteroid phase curve parameters are related to the physical properties of the aster-
oid’s surface, and thus can be extremely useful when studying taxonomic classifi-
cation (Shevchenko et al., 2016; Penttilä et al., 2016). Here, I present lightcurve
inversion on photometric data from Gaia Data Release 2 (Gaia DR2; Gaia Collabo-
ration et al., 2018a; Gaia Collaboration et al., 2018b) and ground-based photometry
(Durech et al., 2010) from Database of Asteroid Models from Inversion Techniques
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Figure 4.6: The modeled (red dots) and observed (blue crosses) photometry and
polarimetry of Vesta.

(DAMIT). The work was carried out in Paper VII, where the methods and results
are presented in detail.

4.4.1 Observational data

Our data set contained photometric observations from Gaia DR2 and DAMIT. The
Gaia DR2 consists of astrometric and photometric data for about 14000 Solar Sys-
tem objects, a vast majority of them being asteroids (Cellino et al., 2019). As the
photometric data has milli-magnitude precision, it is valuable when used to derive
information on the asteroid’s physical properties. The Gaia data was complemented
with ground-based observations from the DAMIT database. DAMIT is constantly
updated and provides the shape model, the sidereal rotation period, the spin axis di-
rection, and the photometric data used for the inversion for more than three thousand
asteroids.

4.4.2 Lightcurve inversion

We performed lightcurve inversion for 491 asteroids using the LCI-algorithm de-
scribed in Chapter 3. The intersection of DAMIT and Gaia DR2 contains 2479
asteroids. The asteroids were selected so that there were at least six Gaia observa-
tions and at least two lightcurves for each target. We required at least three different
phase angles for each asteroid, furthermore, the absolute rms values for the least-
squares solutions of the Gaia data should be smaller than or equal to 0.015 mag and
the absolute residual values smaller or equal to 0.025 mag. We excluded the Lowell
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Observatory data (Oszkiewicz et al., 2011) because it has large uncertainties and
the observations were carried out without a filter. The changes in the slope are so
subtle that we wanted to make sure that no further uncertainties are introduced by
different bands or filters.

Lightcurve inversion using both ellipsoid and convex shapes was applied to a
collection of data that contained the sparse photometric Gaia observations and the
ground-based observations from DAMIT. The initial rotation period, ecliptic pole
longitude, and ecliptic pole latitude were retrieved from DAMIT, and the initial
slope parameter βS was set to 1.75 mag/rad as it is in the borderline of the slope
values for multiple different Tholen classes (Penttilä et al., 2016) and changing the
value does not affect the results significantly.

The derived proper phase curve slopes βS showed that convex shapes produce
more realistic results than ellipsoid shapes. We then used convex shapes to com-
pute lightcurve-brightness-maxima based slopes βmax and mean-magnitude reference
slopes βref (see Paper VII) to analyse the assumed taxonomic classes. Our analysis
indicated that some of the asteroids do not sit well in their current taxonomic class,
and a re-classification should be considered. Furthermore, the derived rotation pe-
riods and pole orientations showed that the model parameters of a few asteroids in
the DAMIT database could be improved.

To extend our analysis, we retrieved absolute magnitudes for 345 asteroids and
photometric phase curves with the H,G1, G2 fits for 312 asteroids. The computed
absolute magnitudes were compared with the absolute magnitudes retrieved from the
Jet Propulsion Laboratory (JPL) Small-Body Database. The differences between the
values were fairly small but expected since we derived our magnitudes in the Gaia
G band, whereas the JPL magnitudes were obtained in the V band. Finally, we
compared the derived G1 and G2 parameters with the maxima-based G1 and G2

parameters for different Tholen classes (see Fig. 4.7). The results suggest that
two groups can be distinguished: the first group contains M, S, and D types with
moderate albedos, the second group contains P, C, X, G, and F types with low
albedos. The A, E, T, B, and Q types each had only one target. The E-type high
albedo asteroid and the T-type asteroid can be grouped together with the first group,
whereas the B-type asteroid belongs to the second group. The A-type and the Q-type
asteroids do not belong to any group, however, as each of them represents a single
asteroid, the uncertainties can be large.
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Chapter 4. Modeling the surface

Figure 4.7: The distributions of the different Tholen classes (black dots) and their
uncertainties (black crosses) in the G1 and G2 parameter space based on the reference
phase curves. The green line shows how the G12 parameter maps into G1 and G2 in
the H,G12 magnitude system and the grey dots represent single asteroids.
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5 Summary of the publications

The thesis consists of seven refereed journal publications.

• Paper I: Penttilä A., Martikainen J., Gritsevich M., Muinonen K., (2018),
Laboratory spectroscopy of meteorite samples at UV-vis-NIR wavelengths:
Analysis and discrimination by principal components analysis, Journal of
Quantitative Spectroscopy and Radiative Transfer, 206:189–197.

• Paper II: Lindqvist H., Martikainen J., Räbinä J., Penttilä A., Muinonen K.,
(2018), Ray optics for absorbing particles with application to ice crystals at
near-infrared wavelengths, Journal of Quantitative Spectroscopy and Radiative
Transfer, 217:329–337.

• Paper III: Martikainen J., Penttilä A., Gritsevich M., Lindqvist H., Muinonen
K., (2018), Spectral modeling of meteorites at UV-vis-NIR wavelengths , Jour-
nal of Quantitative Spectroscopy and Radiative Transfer, 204:144–151.

• Paper IV: Martikainen J., Penttilä A., Gritsevich M., Videen G., Muinonen
K., (2019), Absolute spectral modelling of asteroid (4) Vesta, Monthly Notices
of the Royal Astronomical Society, 483:1952–1956.

• Paper V: Väisänen T., Martikainen J., Muinonen K., (2020), Scattering of
light by dense particulate media in the geometric optics regime, Journal of
Quantitative Spectroscopy and Radiative Transfer, 241.

• Paper VI: Muinonen K., Väisänen T., Martikainen J., Markkanen J., Penttilä
A., Gritsevich M., Peltoniemi J., Blum J., Herranen J., Videen G., Maconi G.,
Helander P., Salmi A., Kassamakov I., Haeggström E., (2019), Scattering and
absorption of light in planetary regoliths, Journal of Visual Experiments, 149.

• Paper VII: Martikainen J., Muinonen K., Penttilä A., Cellino A., Wang X.-B.,
(2020), Asteroid absolute magnitudes and phase curve parameters from Gaia
photometry, Astronomy & Astrophysics, submitted
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Chapter 5. Summary of the publications

5.1 Paper I

Spectroscopic measurements of 30 meteorite samples were carried out using the Uni-
versity of Helsinki integrating-sphere UV-Vis-NIR spectrometer. Our data was fur-
ther complemented with 14 spectra from the Planetary Data System (PDS) meteorite
spectra database. We perform principal component analysis (PCA) on the measured
reflectance spectra in order to identify features from the spectra that group similar
targets together. The analysis shows that ordinary chondrites can be grouped to-
gether, and HED meteorites, aubrites, and enstatites can be separated. However, we
are not able to separate H, L, and LL types of ordinary chondrites from each other.

The research was coordinated together with A. Penttilä. The author of this
thesis carried out the spectral measurements of the 30 meteorite samples, and wrote
significant parts of the manuscript.

5.2 Paper II

In this study, we implement corrections for inhomogeneous waves into the SIRIS-
code. The new SIRIS4 is applied to ice crystals at near-infrared wavelengths using
both hexagonal and GRS shapes, and further compared with traditional ray optics
(SIRIS3) and discrete exterior calculus (DEC) that gives the exact result. We no-
tice that the single-scattering albedo computed with SIRIS4 increases systematically
throughout the NIR spectrum for both of the shapes. The comparisons between
SIRIS3 and SIRIS4 against the DEC show that the ray-optics solution that accounts
for the inhomogeneous waves is generally closer to the exact solution.

The research was coordinated together with H. Lindqvist and K. Muinonen. The
author implemented GRS particles into the SIRIS4-code, and carried out all the
SIRIS3 and SIRIS4 computations for the GRS shapes. The author also contributed
in the writing of the manuscript.

5.3 Paper III

In this paper, we use SIRIS4 to model the reflectance spectra of Kisvarsany, John-
stown, and St. Germain du Pinel meteorites. For the modeling, we need the complex
refractive indices of olivine, pyroxene, and iron. First, we retrieve the imaginary part
of the complex refractive indices mim of clinopyroxene by utilizing an optimization
code that uses the measured reflectance spectra of the material and SIRIS4 with
GRS shapes. We show that the derived mim produces realistic spectra when using
different grain sizes. After showing that our method works, we derive the mim values
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5.4. Paper IV

of bronzite, which is then used in our model together with olivine and iron. Finally,
we study how the shapes of the GRS particles affect the resulting spectra. We find
that using only olivine, pyroxene, and iron, the meteorite spectra can be simulated
with reasonable accuracy.

The author wrote the manuscript, implemented diffuse scatterers into SIRIS4,
wrote the optimization code to retrieve refractive indices, as well as carried out all
the computations and GRS sensitivity analyses.

5.4 Paper IV

Here we model the absolute reflectance spectrum of asteroid (4) Vesta using SIRIS4.
We derive the mim for howardite powder measured by T. Kohout, and use it to model
Vesta’s surface regolith and its particle size distribution. We simulate three different
particle size ranges 10-50 μm, 10-100 μm, and 10-200 μm using power-law distribution
with different power-law indices. Vesta’s observed spectrum was obtained by Reddy
(2011) at a 17.4˝ phase angle, therefore, the modeled spectrum is studied at the same
angle. We choose the particle size range from 10 to 200 μm as it is the most realistic
one, and find that the power-law distribution with index 3.2 produces a good match
between the modeled and observed Vesta spectra. To conclude the study, we analyse
how the shapes of the GRS particles affect the derived mim and modeled spectrum.
The results show that, in the case of the derived mim, the shape did not have a
significant impact, however, in the case of the modeled spectrum, the error caused
by the shape was 0.2.

In this paper, the author was responsible for writing the manuscript and carried
out all the computations and tests. The research was planned together with K.
Muinonen and A. Penttilä.

5.5 Paper V

This paper studies light scattering by dense particulate media in the geometric optics
region. We utilize a SIRIS framework with arbitrary meshes to compute light scatter-
ing by particulate media that consist of different materials, and compare the results
with those obtained using the classical RT approach. Additionally, we introduce a
hybrid diffuse geometric optics method that uses extinction distance distributions
instead of a single value for the extinction mean free path. The hybrid model con-
sists of a diffusely scattering core and a mantle made of discrete particles. The
computations show that RT does not work if the medium is dense with complex
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size distributions. The hybrid model produces the best match when compared to a
solution that is obtained by using a pure geometric optics ray tracing.

The author computed the extinction mean free paths together with T. Väisä-
nen, and took part in the writing of the manuscript. T. Väisänen computed the
results, and implemented a new SIRIS framework that supports arbitrary meshes
with various materials.

5.6 Paper VI

This paper is a video article that demonstrates light scattering in planetary regoliths.
The article is divided into theoretical, experimental, and numerical methods. The
experimental part introduces acoustic levitation of samples for non-contact, non-
destructive scattering measurements. The numerical methods focus on modeling the
scattering media for various Solar System objects. The most relevant part for this
thesis is the photometric and polarimetric study of asteroid (4) Vesta that completes
the work started in Paper IV. The resonance-domain howardite particles are mod-
eled using Voronoi shapes in JVIE, whereas the geometric optics region is simulated
using SIRIS4 with GRS particles. The scattering properties of a surface contain-
ing both small and large particles are obtained by taking the averaged scattering
matrix computed with SIRIS4, and the amplitude scattering matrix computed with
JVIE, and using them as input for RT-CB. We find that the resulting photomet-
ric and polarimetric phase curves match well with the observations at the modeled
wavelength.

This research was a collaboration of several people coordinated by K. Muinonen.
The spectroscopic, photometric, and polarimetric modeling of (4) Vesta was com-
pletely carried out by the author. The author wrote the parts of the manuscript that
deal with the modeling of Vesta’s surface.

5.7 Paper VII

In this paper, we performed lightcurve inversion for 491 asteroids using triaxial el-
lipsoid and convex shapes. The data set contained photometric observations from
Gaia DR2 and DAMIT. For each asteroid, we derived photometric slope parameters,
rotation periods, and pole orientations. Furthermore, we retrieved absolute mag-
nitudes, and mean-magnitude reference phase curve slopes in the G band for 345
asteroids. The retrieved slope parameters were used to study the taxonomic classi-
fication of the selected asteroids, and the absolute magnitudes were compared with
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5.7. Paper VII

those obtained from the Jet Propulsion Laboratory Small-Body Database. Finally,
the derived reference phase curves were fitted with the H,G1,G2 phase function for
312 asteroids, and the resulting G1,G2 distribution was compared with the G1,G2

dependence based on the lightcurve-brightness-maxima photometry.
This research was planned together with K. Muinonen and A. Penttilä. The

author carried out all the convex and ellipsoid retrievals for each asteroid, as well
as computed the absolute magnitudes. K. Muinonen provided the LCI-algorithm
as well as the algorithm to compute the absolute magnitudes. The author wrote
an algorithm to apply the methods to all asteroids. Data analysis was carried out
together with K. Muinonen and A. Penttilä. A. Penttilä applied the H,G1,G2 phase
function fit to the derived reference phase curves.
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6 Concluding remarks

The thesis can be divided into two parts: development of the light-scattering methods
and modeling planetary surfaces. Papers II and V focus on the methods, whereas
Papers I, III, IV, VI, and VII are based on numerical simulations and laboratory
measurements.

Numerical simulations reveal that modeling planetary surfaces is not simple, as
the outcome depends on multiple variables, such as the particle shapes and sizes, ma-
terials, packing densities, and the selected methods. Each model is case-dependent,
and choosing the most suitable materials and methods can be challenging. Further-
more, most numerical methods require complex refractive indices of the materials
that are usually not easily available, which is why we developed an optimization
algorithm (Paper III) to derive complex refractive indices from laboratory measure-
ments. This is an important application, as it can be used widely in different studies.

In Paper III, we study a simplified scenario where the meteorite surfaces consist
of a mixture of up to three different materials. The model is capable of producing
realistic absolute spectra but it is evident that the model was not complete and
needed more work. In Paper IV, we develop our simulation framework further by
modeling the surface regolith of asteroid (4) Vesta using howardite. The reflectance
spectrum is simulated with GRS particles larger than the wavelength with a power-
law size distribution. The model provides a good match when compared to the
spectroscopic observations, however, photometric and polarimetric observations can-
not be explained without including wavelength-scale particles in the simulations.
In Paper VI, we upgrade the model by accounting for the resonance domain with
Voronoi-shaped particles. The simulated photometric and polarimetric phase curves
show good results as they match the observations almost perfectly. Furthermore,
the derived geometric albedo is in agreement with the observed value. It is impor-
tant to note that the complete model utilized a single wavelength because we lack
photometric and polarimetric observations. In the future, it is crucial to obtain
more photometric and polarimetric data at several wavelengths to study how the
wavelength-scale particles affect the whole spectrum.
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The thesis is completed in Paper VII, where we derive photometric slopes, ro-
tation periods, and pole orientations for 491 asteroids using photometric data from
Gaia DR2 and DAMIT. Furthermore, we retrieve G-band absolute magnitudes and
mean-magnitude reference phase curves for 345 asteroids. As the photometric slope
relates to the physical properties of the asteroid’s surface, it can be used in tax-
onomic classification to complement spectroscopic data. Our analysis reveals that
the taxonomic classes should be revised for at least a few of the asteroids. Future
studies should include a wider selection of asteroids to investigate the possible mis-
classifications by the current classification systems.

To conclude, the simulation frameworks introduced in this thesis provide a way
to understand the compositions of the asteroid surfaces. Most of the methods are
applicable to other Solar System objects, such as comets (see Paper VI). Ongoing
and future space missions will provide us more data to study, and our methods will
play a vital role in interpreting the observations.
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