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Abstract
A protoplanetary disk is a circumstellar structure composed of gas and dust grains.

Planets form from these disk materials. Disk lifetime sets a strict time limit for planet
formation. It is necessary to reveal disk evolution to understand planet formation. There are
three major disk dispersal mechanisms: accretion, magnetohydrodynamic (MHD) winds,
and photoevaporation. Recent radiation hydrodynamic simulations of photoevaporation
suggested that photoevaporation is necessary to explain the observed disk lifetime of a few
million years. The timescale and structure of photoevaporation vary depending on physical
properties such as stellar mass and metallicity. Since photoevaporation is only one part of
disk dispersal, it is necessary to confirm if the trend seen in photoevaporation hold in the
simulations which consider all the disk dispersal processes.

We perform radiative hydrodynamic simulations of photoevaporation varying the
dust-to-gas mass ratio, D, in the range of 10−6–10−1 to clarify the detailed photoevaporation
mechanisms in dust-deficient disks. In the case of D ≥ 10−3, the disk gas is dominantly
heated via photoelectric effect on dust grains. In the case of D ≤ 10−3, the disk gas is
heated by H2 pumping and X-ray photons.

Photoevaporation is one of the processes contributing to disk dispersal. A combination
of dispersal processes drives the overall evolution. To clarify the role of photoevaporation,
we perform long-term disk evolution simulations that include accretion, MHD winds, and
photoevaporation, as well as the time variation in FUV luminosity. The photoevaporation
rate is influenced by stellar evolution because the disk dispersal timescale and the time until
the star reaches the main sequence are similar. Disk fraction, a commonly used parameter
in observations of star-forming regions, shows a clear impact from stellar evolution. This
highlights the importance of using realistic FUV luminosities for disk evolution around solar-
to intermediate-mass stars.

Photoevaporation is most effective in the outer region during the final stage of disk
dispersal. Dust grains evolve differently from gas, resulting in a decrease in the dust-to-gas
mass ratio over time. To assess the impact of dust evolution on photoevaporation and
overall disk dispersal, we perform long-term simulations of gas and dust grains. Dust is
removed by growth and strong radial drift in the first 1 Myr, reducing the dust-to-gas mass
ratio to 10−4 in the outer region, which lowers the photoevaporation rate. Dust growth
affects the disk dispersal timescale, while dust growth and entrainment influence the gas
distribution in the outer region through photoevaporation.
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1

Introduction

How are planets formed? It is one of the most fundamental and intriguing questions
humanity has ever asked. Thanks to recent advances in high-resolution observations, over
5000 exoplanets have been discovered. At the heart of this process lies the protoplanetary
disk (PPD), a circumstellar disk around a pre-main sequence star. A protoplanetary disk is
made up of gas and dust grains and serves as the birthplace of planets. Increasing numbers
of disks are observed with increasingly detailed structures, now resolving features down to
scales of ∼ 1 au. Statistical analyses of exoplanet properties reveal significant variations
in planet mass, size, semi-major axis, and composition. These differences are thought
to originate from the diverse evolutionary pathways of protoplanetary disks, driven by
variations in their physical and chemical properties.

Infrared observations suggest that disks disperse within a few million years, providing
a strict timeline for planet formation. Understanding how the distribution of disk material
evolves and when disks disperse is therefore critical to unraveling the mechanisms of planet
formation.

There are three main processes believed to dominate disk dispersal: accretion,
magnetohydrodynamic (MHD) winds, and photoevaporation. These processes drive the
evolution of the disk gas over time and ultimately determine the possible place and time
for planet formation. Table 1.1 summarizes progress in this research field, highlighting
the processes incorporated in some theoretical studies. Although each disk dispersal
process has been claimed to be the dominant mechanism, no comprehensive simulation
has been performed. We aim to reproduce a more realistic disk gas evolution by performing
simulations that consider major disk dispersal mechanisms. Additionally, we include stellar
evolution and investigate how disk dispersal depends on various properties of star-disk
systems. Our simulations also account for dust size and spatial evolution, as shown in Table
1.1, providing a more realistic model of protoplanetary disk evolution.

The observed diversity of exoplanets suggests that protoplanetary disks follow various
evolutionary pathways. These differences are thought to be caused by variations in disk
properties. We also investigate how disk dispersal depends on the physical parameters of
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Accretion
MHD
winds

Photo-
evaporation

Stellar
evolution

Dust
grains

Gorti et al. [2015] ✓ ✓ ✓
Kunitomo et al. [2020] ✓ ✓
Kunitomo et al. [2021] ✓ ✓ ✓

Coleman and Haworth [2022] ✓ ✓
Weder et al. [2023] ✓ ✓ ✓

This work ✓ ✓ ✓ ✓ Chapter 5

▶ Table. 1.1 The table of previous works which perform long-term disk evolution
simulations. The processes each research incorporated is marked with ✓. The processes
incorporated in our research are shown in the bottom row. In Chapter 4, we consider
accretion, MHD winds, photoevaporation consistently while the stellar evolution is also
considered. In Chapter 5, dust size and spatial evolution is considered in addition to the
gas evolution calculation introduced in Chapter 4.

the disk.
In the following chapter, we introduce the essential processes of star-disk evolution

and planet formation from the onset of star formation. We review the history and
recent observational findings related to protoplanetary disks and explain the theoretical
mechanisms underlying each disk dispersal process. Additionally, we summarize the general
disk evolution pathways and the varied observed disk properties that might influence disk
dispersal.
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Star-Disk-Planet Formation

2.1 Stellar Evolution

A star is a self-luminous object. Although a star and planets form from the same material,
called an interstellar medium (ISM), the properties of the star and the planets are vastly
different. A star dominates its surrounding materials with its radiation, gravity, and
radiation pressure. Understanding star formation and evolution is crucial because these
processes strongly influence planet formation and provide the foundation for studying
planetary systems.

While my primary interest is in disks, studying star formation is an essential part of this
pursuit.

2.1.1 A Molecular Cloud to a Star

A star forms through the gravitational collapse of a dense region within a molecular gas
cloud. The typical number density of a molecular cloud is nH ∼ 103–106 cm−3 and the
typical temperature is Tgas ∼ 10–20 K. The gas forms a narrow, dense region called
‘filaments’ by turbulence or the effect of shock waves in the molecular cloud [André et al.,
2010, Arzoumanian et al., 2011, Könyves et al., 2015]. In a filament, a dense gas clump is
formed, which is called a molecular cloud core [Shimajiri et al., 2019, Zhang et al., 2020].
Stars are formed at the center of the molecular cloud core by its gravitational contraction.

Infrared observations of star-forming regions show that low-mass stars are a common
component of star-forming regions. The mass distribution of new-born stars is called Initial
Mass Function (IMF), and it is observationally known to be fitted by the power-low relation.
Kroupa [2002] derived the IMF as follows:

ξ(m) ∝ m−α

α = 1.3 (0.1 M⊙ < m ≤ 0.5 M⊙)
α = 2.3 (0.5 M⊙ < m).

(2.1)

3



2.1. STELLAR EVOLUTION

This distribution is crucial because it affects the evolution of star-forming regions over time,
since low-mass stars are more common and live much longer than high-mass stars.

In the same manner, the mass distributions of molecular cloud cores and filaments are
called the Core Mass Function (CMF) and Filament Mass Function (FLMF), respectively.
Recent infrared observations indicate that these distributions share a shape similar to that
of the IMF. Although the exact process behind the formation of the IMF remains unclear, it is
widely believed that the formation of filaments, molecular cloud cores, and stars influences
each other.

A molecular cloud core is made up of neutral gas, which is nearly isothermal at
Tgas ∼ 10–20 K. The contraction of the core is described as the gravitational collapse of
an isothermal gas sphere. Once the gravitational collapse starts, the gas continues to fall
toward the star. This process follows a free-fall motion, and the timescale is called the
free-fall time, given by:

tff =
√

3π

32Gρini
, (2.2)

where ρini is the initial density of the core. During this phase, some gas forms a circumstellar
structure, called protoplanetary disk (PPD) as a result of its angular momentum.

2.1.2 The Evolution to the Main Sequence

A protostar forms at the center of a molecular cloud through gravitational contraction.
During its initial stages, the protostar remains surrounded by a gas envelope. The dense
gas in the envelope makes it difficult to directly observe the star at the initial phase. A
protostar gains most of its mass through accretion. If a constant and spherical accretion
rate is assumed over time, this process is referred to as Bondi accretion.

A star is classified as a pre-main-sequence star once its surrounding envelope disperses.
Stars with spectral types F to M are referred to as T Tauri stars, corresponding to masses
of 0.1–2 M⊙. Stars with spectral types A or B are called Herbig Ae/Be stars. These
pre-main-sequence stars continue to contract gravitationally, while radiating thermal energy
from their surfaces. The timescale of this process is characterized by the Kelvin-Helmholtz
timescale tKH, which is given by:

tKH = GM2
∗

R∗L∗

∼ 32 Myr
(

M∗
1 M⊙

)2 ( R∗
1 R⊙

)−1 ( L∗
1 L⊙

)−1
,

(2.3)

where M∗, R∗, L∗ represents the stellar mass, radius, and luminosity respectively.
The bolometric luminosity of the star depends on the internal energy transport

processes. Stellar luminosity evolves over time as the stellar internal physical and chemical
properties change. The evolution of bolometric luminosity and effective temperature is
often plotted on a Hertzsprung-Russell diagram (HR diagram). Figure 2.1 shows the
evolution tracks of the stars with 0.3, 0.5, 0.7, 1, 2, 3, 5 M⊙ in the HR diagram. During
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▶ Figure. 2.1

Hertzsprung-Russell diagram (HR diagram). The evolution of the bolometric luminosity
and the effective temperature are plotted for 0.3, 0.5, 0.7, 1, 2, 3, 5 M⊙ stars until the stars
reach the main sequence. The color variation from navy to yellow represents the stellar
mass range from 0.3 M⊙ to 5 M⊙. The evolution is calculated using the stellar evolution
code MESA [Paxton et al., 2011]. The birthline is shown in a black dotted line [Stahler and
Palla, 2004].
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2.1. STELLAR EVOLUTION

its evolution, the star follows the Hayashi track, which appears as a vertical downward
movement on the HR diagram. In the later phase, it follows the Henyey track, characterized
by a horizontal leftward movement.

The difference between the Hayashi and Henyey tracks is because of changes in the
dominant absorbing species, which affect the temperature dependence of the opacity.
During the Hayashi phase, H– is the primary absorbing material. Its opacity, κ, in several
thousand Kelvin is given by Gray [2005]:

κ ∝ ρ0.5T 7.7
gas , (2.4)

where ρ and Tgas represent the local gas density and temperature. The high opacity
during this phase causes energy to be transported mainly by convection. As the internal
temperature increases, the opacity of H– decreases, leading to more energy being
transferred by radiative processes. In the Henyey phase, H replaces H– as the dominant
absorbing material. Massive stars, which have higher temperatures, evolve quickly through
the Hayashi track. In contrast, low-mass stars with M∗ < 0.5 M⊙ do not experience Henyey
track because of the low internal temperature and evolve directly into the main sequence.

When the core temperature becomes high enough to start hydrogen fusion, the star
enters the main-sequence phase. This stage is called the Zero Age Main Sequence (ZAMS)
[Stahler and Palla, 2004]. Since stars and disks evolve together, understanding how stars
change is important for studying disk evolution.

Since it is difficult to estimate the age solely from disk observations, stellar age is often
used as a proxy for disk age. Stellar age is estimated using a combination of stellar evolution
models and observations. First, the stellar luminosity and spectral type can be derived from
observations of the photosphere. By comparing these data with stellar evolution models,
the stellar age is derived. Stellar evolution models have been updated over time. For
example, Siess et al. [2000] developed a stellar evolution model for pre-main-sequence
stars with masses between 0.1–7.0 M⊙. They solved the equation of state for the stellar
gas with boundary conditions derived from stellar atmosphere models. Later, Baraffe
et al. [2015] updated the model by performing radiation hydrodynamic simulations with
improved chemical compositions. The updated composition provides a more accurate
opacity and energy transfer inside the star. They resolved the issue in earlier models where
the reproduced luminosities were higher than observed.

There are several sources of uncertainty in this method. Observational uncertainties
have a larger impact in later stages because luminosity varies less once the star reaches
the main sequence. Isochrone lines, which represent stars of the same age on the
Hertzsprung-Russell diagram, become closely spaced. This makes it harder to distinguish
ages accurately, and the observation error bars span a wider age range [Soderblom et al.,
2014]. Age estimates can also vary by a factor of 2–3 depending on the chosen model
[White et al., 1999, Dahm and Simon, 2005, Hillenbrand et al., 2008, Bell et al., 2013,
Richert et al., 2018]. It is generally assumed that disk age matches system age, meaning that
stars and their disks form simultaneously throughout the region. However, observations of
star-forming regions suggest that star formation occurs over a few to several Myr [Galli
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2.1. STELLAR EVOLUTION

et al., 2021]. For example, stars in Upper Scorpius show a wide age range from 5–10 Myr.
Several explanations have been proposed. Feiden [2016] introduced a new stellar evolution
model that incorporates magnetic-field effects. For low-mass stars, magnetic fields inhibit
convection, reducing energy transport to the surface. Inefficient energy transport causes
energy to accumulate inside the star. This leads to higher luminosity and lower effective
temperatures, resulting in longer estimated stellar ages. They concluded that the stars
in Upper Scorpius are approximately 10 Myr old. Alternatively, kinematic analysis using
CO observations suggests that the region can be divided into two subgroups of different
ages [Esplin and Luhman, 2020, Squicciarini et al., 2021]. Estimating stellar age remains
challenging but is essential.

Stellar radiation spans a wide range of wavelengths. High-energy radiation, such as
far-ultraviolet (FUV), extreme ultraviolet (EUV), and X-ray photons, significantly influences
the physical and chemical structure of the circumstellar environment. The following
sections will discuss radiation processes and the evolution of FUV and X-ray emission.

The main processes of FUV radiation are accretion, chromospheric emission, and
photospheric emission. When gas is accreted onto the star, the released energy is emitted
as high-energy photons. Observations confirm that FUV luminosity is proportional to the
accretion rate [Gullbring et al., 1998]. Studies of pre-main sequence stars suggest that
4% of the liberated energy is emitted as FUV photons [Calvet and Gullbring, 1998]. The
accretion rate decreases with time, with a timescale of a few Myr. Consequently, the FUV
luminosity from accretion also decreases.

The chromosphere, the layer just above the photosphere, is a prominent source of
FUV radiation. This layer emits specific spectral lines such as Hα and CaII. In stars
with high chromospheric activity, such as T Tauri stars, FUV emission can contribute
significantly to total luminosity. For instance, in T Tauri stars, the FUV luminosity accounts
for approximately 10−3.3 of the bolometric luminosity. Specific chromospheric lines, such as
Lyα and CII, play a critical role in influencing the circumstellar environment. For example,
Lyα alone contributes roughly 80% of the total FUV luminosity [Schindhelm et al., 2012]
and dominates the FUV emission [Bergin et al., 2003, Herczeg et al., 2004].

The photosphere, located below the chromosphere, typically has a temperature in the
range of several to tens of thousands Kelvin. Radiation from the photosphere follows
an approximately black-body spectrum, including FUV wavelengths. As stellar mass
increases, the effective temperature rises and more photons are emitted at higher energies,
including FUV. In the pre-main sequence, photospheric temperatures are generally too low
to contribute significantly to FUV radiation. Once stars reach the main sequence, their
photospheric temperatures can exceed 104 K, leading to a drastic increase in photospheric
FUV radiation. Husser et al. [2013] developed the PHOENIX code to model radiation
from stellar photospheres, incorporating 81 chemical species to derive spectral energy
distributions across different stellar types.

X-ray photons are emitted by stellar internal processes, similar to FUV photons.
Magnetic dynamics is induced by rapid rotation and strong convection on the surface of
a pre-main sequence star. When magnetic dynamics transforms the internal energy into

Chapter 2 7



2.2. PROTOPLANETARY DISKS: FROM FORMATION TO DISPERSAL

magnetic energy, a part of this energy can be seen in a corona. Since the X-ray photons
originate from the internal energy, the X-ray luminosity is proportional to the bolometric
luminosity. The relation is approximated by 10−3Lbol, where Lbol is the bolometric
luminosity [Flaccomio et al., 2003, Preibisch et al., 2005, Telleschi et al., 2007, Wright
et al., 2011]. An intermediate-mass star has weaker magnetic fields because it does not
have a convective zone on the stellar surface, which results in lower X-ray luminosity. In
some cases, X-ray photons are also emitted by accretion processes. Gas falls on the star, and
the released energy generates localized high-energy X-ray emissions [Kastner et al., 2002].

X-ray flares are another significant source of X-ray radiation. These flares are produced
by sudden magnetic reconnection events on the stellar surface [Shibata and Magara, 2011].
X-ray flares are characterized by high-energy photons with > 10 keV. Although soft X-ray
photons tend to be absorbed by the surrounding gas near the star or on the disk surface,
hard X-ray photons can penetrate deeper into the disk, reaching the midplane, where they
contribute to gas heating through scattering [Igea and Glassgold, 1999, Bethell and Bergin,
2011]. Each flare event deposits significant energy into the surrounding gas, temporarily
altering the thermal structure of the disk.

X-ray observations reveal that X-ray luminosity varies over time [Flaccomio et al.,
2003, Hamaguchi et al., 2005, Gregory et al., 2016, Villebrun et al., 2019], as shown
by comparisons between young systems [Hamaguchi et al., 2005, Huenemoerder et al.,
2009] and relatively older ones [Zinnecker and Preibisch, 1994]. Tracking X-ray luminosity
evolution in young stars is challenging because of the variability of magnetic activity,
accretion rates, and flare frequency. However, understanding the evolution of FUV and
X-ray luminosity is crucial to studying the interactions between the star and PPD.

To summarize, the central star impacts its surrounding environment from the onset of
star formation through gravity and irradiation. Irradiation, in particular, alters the physical
and chemical conditions of the gas, which constitutes the majority of circumstellar material.
Understanding the evolution of a protostar is crucial for comprehending the dispersal of disk
gas.

2.2 Protoplanetary Disks: From Formation to Dispersal

More than 5000 exoplanets have been discovered since the first detection. Planets
form inside disks out of disk materials (gas and dust grains). Disk evolution is key to
understanding the entire process of planet formation. Observations of nearby star-forming
regions show that the disk lifetime is a few million years. This timescale is much shorter
than the typical lifetime of a solar-mass star, which is about one billion years. During this
brief disk lifetime, the structure of the star-planet system is established. We will explore the
overview of disk evolution and the latest research.

8 Chapter 2



2.2. PROTOPLANETARY DISKS: FROM FORMATION TO DISPERSAL

2.2.1 Introduction to Protoplanetary Disks

A circumstellar disk is composed of gas and dust grains inherited from the interstellar
medium (ISM). It orbits the central star, carrying angular momentum from the molecular
cloud core. An image of a PPD was first captured in 1993 as a blurry figure against the
bright background of Orion [O’Dell et al., 1993]. This image revealed disk material being
stripped away by strong radiation from a nearby massive star. Since then, more disks have
been observed, and understanding of disk evolution has improved.

A disk consists mainly of gas and dust grains. Most of the disk mass is composed of gas,
similar to ISM. The disk is thin in the vertical direction, creating a flattened shape. The
balance in the vertical direction is described using cylindrical coordinates (r, z) as

dP

dz
= − GM∗ρ

(r2 + z2)3/2 z, (2.5)

where P, ρ, M∗ of each denotes the gas pressure, density, and stellar mass. By assuming the
gas is ideal and isothermal, the equation above is written below by using P = ρc2

s ,

c2
s
dρ

dz
= −ρ

GM∗
(r2 + z2)3/2 z (2.6)

The density distribution is derived by solving the equation above as

ρ = ρ0 exp
[

GM∗
c2

s

( 1√
r2 + z2

− 1
r

)]
, (2.7)

where ρ0 represents the midplane density. The equation is approximated as below when
z ≪ r is assumed:

ρ ≈ ρ0 exp
(

− v2
K

2c2
s r2 z2

)
, (2.8)

where vK denotes Keplerian velocity. The scaleheight, H, is defined as

H = cs
ΩK

.

Since a disk has a thin structure, the surface density, Σ is often used to depict the gas
distribution. The surface density is given by

Σ(r) =
∫

ρ(r, z)dz.

The mid plane density is expressed as

ρ0 = Σ√
2πH

The observed gas distribution reflects the chemical structure in addition to the physical
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2.2. PROTOPLANETARY DISKS: FROM FORMATION TO DISPERSAL

properties introduced earlier. Radiation from the central star plays an important role in
determining the temperature profile and drives photon-related chemical reactions [Herczeg
et al., 2004, Nomura and Millar, 2005, Qi et al., 2006, Öberg et al., 2010, Walsh
et al., 2010]. Radiative transfer calculations that include stellar radiation show that FUV
luminosity significantly influences the composition of the disk gas [Bergin et al., 2003].

The dust grains in the disks vary widely in size. It is believed that tiny dust grains
grow into kilometer-sized planetesimals and eventually form planets. Observations of ISM
attenuation reveal that the size distribution of dust grains follows a power-law relation
[Mathis et al., 1977, Draine and Lee, 1984], given by:

dn(a) ∝ a−3.5da,

where n(a) represents the number density of dust grains with the particle radius of a. This
distribution is known as the MRN distribution. The size distribution implies that smaller
grains are far more abundant than larger ones.

Small dust grains consist of polycyclic aromatic hydrocarbons (PAHs). PAHs are cyclic
carbon compounds and are detected by specific infrared emission lines [Cesarsky et al.,
1996, Tielens, 2008]. PAHs also emit electrons through the photoelectric effect caused by
FUV photons [Bakes and Tielens, 1994]. These electrons transfer energy to the surrounding
gas, raising its temperature. The observed spectral lines indicate the degree of gas
ionization because the energy distribution of the emitted photons depends on the ionization
level [Okuzumi, 2009, Ivlev et al., 2016].

Observations of the Orion Bar confirmed this connection [Knight et al., 2022].
Using data from the Spitzer Space Telescope, observational research focused on the
photodissociation region near the Orion Bar and found that the spectral line ratios from
PAHs correlate with the distance from the ionization front. The observation also revealed
that small PAHs are destroyed by strong radiation from nearby massive stars. These
findings suggest that PAH distribution and abundance serve as indicators of environmental
conditions, such as FUV radiation fields and ionization parameters.

The temperature of dust grains is determined by the balance between the absorption of
stellar radiation and the thermal emission from their surfaces. By assuming a black-body
radiation as the dust thermal emission, the energy absorbed and emitted per second is
expressed as:

Γdust = πa2 L∗
4πr2

Λdust = 4πa2σSBT 4
dust,

(2.9)

where L∗ and r represent the stellar luminosity and the distance from the central star. In the
equation, Tdust is the dust temperature. When the dust temperature reaches equilibrium, it
is given by:

Tdust ∼ 280
(

r

1 au

)−1/2 ( L∗
L⊙

)1/4
K (2.10)
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The resulting temperature does not depend on the size of the dust grains. In dense
regions of the disk, gas and dust are thermally coupled because of frequent collisions. The
temperature decreases with distance from the star, approximately following ∝ r−1/2. The
hot inner region is observed in shorter wavelengths, such as near-infrared, while the cool
outer region is observed in longer wavelengths such as submillimeter to micrometer. The
region in focus depends on the wavelength that we use to observe [Dullemond et al., 2007,
Yasui et al., 2014, Testi et al., 2014].

2.2.2 Observational Properties of Protoplanetary Disks

In this section, we will introduce observational results and their implications for PPDs.

Gas Observations

A PPD is observed across a wide range of wavelengths, from infrared to radio because gas
is detected through spectral lines at various wavelengths, while dust grains are observed
through thermal emission or scattered light from small grains. A significant challenge in
studying the entire disk is that, although the dominant gas component is H2, it is difficult to
observe it under disk conditions. It cannot be observed in the radio range because H2 lacks
a permanent dipole moment. Rotation-vibration transitions occur only in high-temperature
environments, which are unlikely in disks where the gas temperature is 10–100 K in the
midplane. This requires us to understand the physics of PPDs without directly observing
their main component.

The other major components of the disk gas are CO and HD, which can be detected.
Previous research has attempted to estimate the total disk mass from the observed amounts
of these molecules. However, their abundance strongly depends on ongoing chemical
reactions within the disk, making the estimated disk mass dependent on the assumed
chemical model. This method does not always successfully reproduce the disk mass. For
example, the disk mass derived from the CO spectral lines is often lower by a factor of
5–10 compared to the value derived by other methods [Favre et al., 2013, Kama et al.,
2016a, Manara et al., 2016, Miotello et al., 2016, 2017]. This discrepancy suggests that
the abundance of CO is actually lower than predicted based on the CO/H2 ratio observed
in the ISM. There are several possible factors. At gas temperatures below 20 K, CO freezes
on dust grains. The boundary where CO transitions from gas to solid is called the snowline,
located at ∼ 30 au around a solar-type star [Qi et al., 2013]. Similarly, H2O exists as gas
and ice in disks, with its snowline at ∼ 3 au. The chemical composition of the dust grains
differs between these snowlines [Qi et al., 2019]. Furthermore, CO is easily dissociated by
high-energy radiation, such as FUV photons. Both processes affect the abundance of CO.

Williams and Best [2014] used emission lines of 13CO and C18O to estimate the mass
of the disk gas. They developed a model that characterizes disk gas with nine parameters,
including the effects of photodissociation and freeze-out. Their results were consistent with
independent studies. These discussions highlight the difficulty of accurately estimating the
disk mass from gas observations.
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▶ Figure. 2.2

The spectral energy distribution (SED) of a star-disk system. The stellar radiation is shown
in blue. The radiation from a disk, referred to as IR excess is shown in orange. The
stellar component is approximated by a black-body radiation while the disk component
is a combined radiation from dust in various regions with different temperatures.

Dust Observations

Infrared observations of dust grains in PPDs have a longer history than gas observations.
JHKL bands are often used in these observations and have provided basic features of PPDs.
In these observations, the Spectral Energy Distribution (SED) of a combination of a star
and a disk is obtained. Figure 2.2 illustrates a schematic SED of a star-disk system with
the effective temperature set to Teff = 6000 K. The dust grains emit infrared radiation as a
black-body of 10 Kelvin to a few hundred Kelvin, and the temperature depends on the local
environment. The radiation from the star is fitted by a black body. The remaining part of
the SED is called the ‘infrared excess’ and corresponds to the dust thermal emissions. As the
disk evolves and the shape of the dust disk changes, the structure of the SED also changes.
The SED shape changes because of dust-specific processes such as growth and settling in
the midplane [D’Alessio et al., 2006, Hernández et al., 2007].
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The slope in the range of 2 ≤ λ ≤ 25µm is expressed as:

αIR = d log νFν

d log ν
.

This parameter evolves with the disk and is used to classify the evolutionary stage of Young
Stellar Objects (YSO). The system is mainly divided into three stages: Class I, II, and III
[Lada, 1987, Williams and Cieza, 2011]. Additionally, αIRAC, the slope calculated by the
Infrared Array Camera (IRAC) using wavelengths of 3.6, 4.5, 5.8, and 8.0 µm, is also
used. The classification has been expanded to the younger stage of Class 0. Class III
objects are further divided into Classical T Tauri Stars (CTTS) and Weak-Lined T Tauri Stars
(WTTS) based on the presence of Hα spectral lines or UV radiation, indicating an accreting
gas. These observations have provided insight into disk evolution. Researchers determine
whether a star has a disk by examining whether the SED slope is steep enough. The criterion
varies by observation, ranging from −1.8 to 2.2. Although this affects the number of disks
identified, [Yasui, 2021] suggests that the impact on disk fraction is negligible.

Some disks lack emission around ∼ 10 µm during the Class II and III stages [Strom et al.,
1989, Calvet et al., 2005, Espaillat et al., 2014]. These disks are called transitional disks.
Based on observation trends, it is believed that these disks lose small dust grains typically
observed in the near-infrared. These disks are thought to represent the final stage of disk
dispersal.

Substructures of Protoplanetary Disks

One big progress in disk observation was made by the launch of the Atacama Large
Millimeter/submillimeter Array (ALMA). The high-quality, high-resolution observations
allowed us to observe disks in class 0/I that are embedded in dense envelopes. More
detailed structures, such as gaps and spirals, are now observable in disks.

Before ALMA, observations focused on disks later than class II. Although it was
theoretically proposed that stars form with disks, there had been no direct evidence of
disks around protostars. ALMA observations also provided detailed gas kinematics. In the
earliest stage of stellar life, a protostar is surrounded by an envelope, and distinguishing
between an envelope and a disk was challenging. An envelope shows strong accretion,
while a disk typically follows Keplerian rotation. By analyzing gas kinematics, disks around
protostars were discovered [Lindberg et al., 2014, Ohashi et al., 2014, Aso et al., 2017].
Since then, ALMA has identified disks around very young stars, younger than 105 years
[Rygl et al., 2013]. The estimated disk mass is lower than that of disks around older
protostars, suggesting ongoing mass growth from the envelope. This phase is very brief
relative to the subsequent disk dispersal, so disk dispersal simulations typically exclude it.

ALMA provided an impressive image of HL Tau, revealing several rings and gaps in
the disk [ALMA Partnership et al., 2015]. Observations show that many disks have rings
or gaps ranging from a few to a few tens of au wide [Andrews et al., 2016, Isella et al.,
2016, Francis and van der Marel, 2020]. The processes forming these substructures
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remain unclear, but several mechanisms have been proposed, including secular gravitational
instability [Takahashi and Inutsuka, 2014, 2016], magnetorotational instability [Lubow
and D’Angelo, 2006, Bai and Stone, 2014], and planet-disk interaction induced by planet
formation. Two-dimensional hydrodynamics simulations suggest that a single planet can
create multiple gap structures [Bae et al., 2017, Dong et al., 2017, Kanagawa et al.,
2021]. Gas pressure bumps may trap dust grains, preventing them from accreting onto
the star [Pinilla et al., 2012, Ricci et al., 2012, Ronco et al., 2024], which could make
these substructures more prominent. This mechanism may explain the extended high disk
fraction observed in some systems. These studies suggest that disks evolve alongside planet
formation, making it essential to understand disk evolution to clarify the final planetary
system.

Observed Mass of Protoplanetary Disks

The flux emitted from the dust grains allows for an estimate of the disk dust mass. The disk
dust mass is given by:

Mdisk = Fνd2

κdust(ν)Bν(Tdust)
, (2.11)

where Fν represents the flux from thermal emissions, and d is the distance to the observer.
In this equation, κdust denotes the absorption opacity of the dust grains. The absorption
opacity has been calculated in various studies [Weingartner and Draine, 2001, Beckwith
et al., 1990, D’Alessio et al., 2001, Birnstiel et al., 2018]. For example, models have been
improved by updating dust grain compositions and optical constants for each component.
Initially, it was assumed that water ice made up 60% of the volume, but this was revised to
10–20% to better match the observed SEDs [D’Alessio et al., 2006, Espaillat et al., 2010].

Infrared observations show that the disk dust mass decreases over time, corresponding
to the reduced flux of infrared excess in SEDs [Ansdell et al., 2017, Andrews, 2020]. Dust
grains make up only 1% of the total disk mass, so the entire disk mass is commonly
estimated by assuming the dust-to-gas mass ratio, D, is equal to the ISM value of 0.01
[Beckwith et al., 1990, Ansdell et al., 2016]. This method is widely used because estimating
mass from gas observations is challenging and heavily dependent on chemical models
[Anderson et al., 2022]. Theoretical studies and observations suggest that D decreases
as a result of radial drift and dust collisional growth [Weidenschilling, 1977, Nakagawa
et al., 1981, Keller and Gail, 2004, Brauer et al., 2007, Ciesla, 2009]. This reduction can
lead to inaccuracies in the derived disk mass [Eisner et al., 2016]. Estimating disk mass
remains difficult.

Another approach uses dynamical motion [Veronesi et al., 2021, Lodato et al., 2023].
This method compares the observed rotation curves of 12CO and 13CO with velocity models
that include stellar gravity, disk self-gravity, and gas pressure. When the disk lacks complex
structures or kinematic perturbations, the estimated mass aligns with the results of dust
observations. Since planets are formed from disk materials, knowing the available mass is
essential to understand the formation of planets [Testi et al., 2022].
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▶ Figure. 2.3

The observed disk fractions toward various stellar clusters. The black plots represent disk
fractions in solar-metallicity environments derived from the stellar clusters in the solar
neighborhood [Mamajek, 2009, van der Marel and Mulders, 2021, Pfalzner et al., 2022].
The red plots show disk fractions in the outer galaxy, where the metallicity is [O/H] ∼ −0.7
[Yasui et al., 2010].

Lifetimes of Protoplanetary Disks

PPDs are often studied as groups within star-forming regions, and the results are interpreted
through statistical analyses. One commonly used parameter is the ‘disk fraction’, which is
the ratio of stars that have surrounding disks. The disk fraction is a useful parameter to
describe the evolutionary stage of a region. Infrared observations of star-forming regions
with various ages reveal that the disk fraction decreases as the system ages [Haisch et al.,
2001, Hernández et al., 2008, Mamajek, 2009, Muzerolle et al., 2010]. This is because disks
lose mass over time through processes such as accretion onto the central star, outflows
driven by magnetic fields, and radiation-driven photoevaporation. Figure 2.3 shows the
observed disk fractions for various star-forming regions with a wide range of ages.

Haisch et al. [2001] observed six star-forming regions using JHKL bands and calculated
the disk fraction for each region. They showed that the disk fraction decreases within a
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few million years and drops to zero by 6 Myr. Since a decrease in disk fraction reflects disk
dispersal, the decreasing timescale corresponds to the disk dispersal timescale. The disk
fraction is often fitted with an exponential relation:

fdisk = exp(−t/tdis),

where fdisk and tdis represent the disk fraction and the estimated disk dispersal timescale,
respectively.

Since this initial study, many more star-forming regions have been observed, and
observations show variation in disk dispersal timescales. The dispersal timescale is generally
estimated to be 1–3 Myr [Haisch et al., 2001, Hernández et al., 2008, Mamajek, 2009,
Fedele et al., 2010, Ribas et al., 2014, Briceño et al., 2019]. However, recent studies
suggest that disk dispersal timescales may be longer, with estimates that extend up to
3.5 Myr [Richert et al., 2018], 4.7 Myr [Pecaut and Mamajek, 2016], and even beyond
5 Myr [Pfalzner et al., 2014, Michel et al., 2021, Pfalzner et al., 2022].

Recent research suggests longer disk dispersal timescales for several reasons [Pfalzner
et al., 2022]. Earlier observations were limited and biased toward regions massive stars
because of detection limits. Observations of stellar clusters also often focus on their central
regions. Over time, the clusters expand and eventually disperse. Disks in the central part
of a cluster are more likely to be influenced by strong radiation from nearby massive stars.
These factors suggest that previous estimates may have underestimated the disk dispersal
timescale.

Dust detection is commonly used to calculate disk survival rates, but Hα detection by
spectroscopy is also utilized [Fedele et al., 2010, Richert et al., 2018, Briceño et al., 2019].
Hα emission indicates the presence of accreting gas in the hot inner region of the disk. These
methods consistently suggest that PPDs disperse within a few to several million years.

Different wavelengths probe different parts of the disk. Short-wavelength observations
focus on the inner regions as a result of higher temperatures. Ribas et al. [2015] compared
disk fractions in several star-forming regions using near- and mid-infrared observations.
They found no significant differences in the disk dispersal timescales, indicating that disks
disperse simultaneously across different regions. This result is consistent with another study
[Maeshima et al., 2021].

Stellar Mass Dependence of Lifetimes

Observations toward various star-forming regions have revealed that the disk fraction, and
therefore disk dispersal timescale, depends on stellar properties such as stellar mass and
metallicity [Yasui et al., 2009, 2010]. Hillenbrand et al. [1992] observed Herbig Ae/Be
stars in the near-infrared. They suggested that disk dispersal timescales are shorter around
massive stars because no disks were detected. Similarly, multi-wavelength observations
have consistently shown that disk fraction decreases as stellar mass increases, indicating
that disks around massive stars disperse more rapidly [Carpenter et al., 2006, Lada et al.,
2006, Dahm and Hillenbrand, 2007, Kennedy and Kenyon, 2009, Roccatagliata et al., 2011,
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Fang et al., 2012, Yasui et al., 2014, Richert et al., 2018].
Bayo et al. [2011, 2012] performed multi-wavelength observations of the λ Orion

region and found that the disk fraction decreases as stellar mass increases in the range
of 0.1 M⊙ ≤ M∗ ≤ 1.7 M⊙. Their results suggest that disks around low-mass stars generally
have longer lifetimes. Similarly, Ribas et al. [2015] conducted infrared observations of
eleven star-forming regions. They classified stars by age and stellar mass. They used 3 Myr
as the age threshold and 2 M⊙ as the mass boundary. They found that disks around stars
with M∗ > 2 M⊙ show lower survival rates, supporting the trend that disks around massive
stars disperse more rapidly.

Ansdell et al. [2016] conducted infrared observations and estimated the disk dust mass
for stars in the range of 0.1 M⊙ ≤ M∗ ≤ 1.0 M⊙. They found that the relationship between
stellar mass and dust mass becomes steep over time, suggesting that disks around low-mass
stars do not retain dust mass compared to those around solar-mass stars. The change in
slope suggests that disks around low-mass stars lose mass more efficiently. This result also
implies that disk dispersal processes vary by stellar mass. Furthermore, Richert et al. [2018]
studied young star-forming regions with ≤ 5 Myr using X-ray observations. They found that
the disk fraction does not vary significantly by stellar mass during the first 3 Myr, indicating
that the influence of stellar mass on disk dispersal may increase with age.

In summary, these observations indicate that most stars have disks in the first few million
years, followed by rapid dispersal influenced by stellar mass. These relationships help
us understand disk evolution and highlight the role of stellar mass in determining disk
dispersal timescales.

Metallicity Dependence of Lifetimes

Some observations indicate that disk dispersal depends on metallicity in addition to stellar
mass. In the Galaxy, metallicity decreases gradually from the inner to the outer regions,
in the range of 0.1–3 Z⊙, where Z⊙ represents the solar metallicity. Observational studies
of PPDs in the outer Galaxy have found that disk fractions are lower in low-metallicity
environments compared to solar-metallicity regions [Yasui et al., 2010, 2016b,a]. Yasui
et al. [2010] showed that the disk fractions in low-metallicity environments drop below
20% within 1 Myr and the disks disappear entirely within a few million years. These
results suggest that the disk dispersal timescale in low-metallicity regions may be shorter
than that in solar-metallicity environments. Similar trends have been observed in recent
work by Guarcello et al. [2021]. One proposed explanation for this trend is enhanced
photoevaporation, because the reduced dust grains result in less shielding for disk gas
and leads to effective gas heating. A recent study by Patra et al. [2024] observed 18
stellar clusters with metallicities in the range of 0.34–0.83 Z⊙ and ages between 0.9 and
2.1 Myr. The observations of various disks allowed them to track the evolution of disk
fractions over time. They found that disk fractions in these clusters were consistently
lower than those in solar-metallicity environments across all age ranges. This finding
suggests that the decline in disk fraction appears to follow a trend similar to that observed
in solar-metallicity clusters. In contrast, observations of Hα emission lines emitted from
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accreting gas have found the existence of accretion flow around stars in low-metallicity
environments, including older systems. This observation suggests that, despite a rapid
decrease in disk fraction, some disks in low-metallicity environments may retain gas.

Establishing a clear link between metallicity and disk evolution remains difficult. There
are few studies on this topic because observing low-metallicity environments requires
targeting stellar clusters in the outer Galaxy. Metallicity decreases with distance from the
galactic center, but observations in these regions face challenges because of distance and
limited sensitivity. This limits observations to higher-mass disks and stars. Pfalzner et al.
[2022] noted that these biases make it harder to estimate a dependence on the metallicity
of disk dispersal over a wide range of metallicities. More studies are needed to understand
how metallicity impacts disk evolution. This includes investigating physical processes like
reduced dust shielding and the initial conditions of disk formation. Understanding these
factors is important for building accurate models of disk dispersal in different environments.

2.2.3 Processes and Pathways of Disk Dispersal

PPDs lose mass through accretion and winds and disperse within a few million years.
Several processes contribute to gas mass loss, including accretion, magnetohydrodynamic
(MHD) winds, photoevaporation, stellar winds, and radiation pressure. In the following, I
detail each process.

Viscous Accretion

Due to the viscosity, angular momentum transfers from the inner to the outer disk. As a
result, gas in the inner disk moves toward the central star and is accreted onto it. The
evolution of gas surface density by accretion is described by Shakura and Sunyaev [1973],
Lynden-Bell and Pringle [1974], and Hartmann et al. [1998] as:

∂Σ
∂t

= 3
r

∂

∂r

[
r1/2 ∂

∂r
(r1/2νΣ)

]
, (2.12)

where ν is the kinematic viscosity. This viscosity ν is described in terms of the dimensionless
viscous parameter α, which is related to sound speed cs and scale height H of the disk:

ν = αcsH (2.13)

This model aligns well with an observed power-law distribution. Accretion rates in pre-main
sequence stars are estimated through observations. A portion of the gravitational energy
released during accretion is radiated as high-energy photons [Herczeg and Hillenbrand,
2008, Alcalá et al., 2014, Manara et al., 2016, 2017, Alcalá et al., 2017]. Assuming that a
fraction ϵ of the accretion energy is radiated, the accretion luminosity is expressed as:

Lacc = ϵ
GM∗Ṁacc

R∗
, (2.14)
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where M∗ is the stellar mass, Ṁacc is the accretion rate, R∗ is the stellar radius, and ϵ

represents the efficiency with which gravitational energy is converted into radiation. The
luminosity is used in observations to estimate the accretion rate.

Accretion rates can also be estimated from Hα emission lines [White and Basri, 2003,
Natta et al., 2004, Flaherty and Muzerolle, 2008, Fedele et al., 2010]. These lines are
emitted from high-temperature gas near the star and provide the kinematics structure of
the accreting gas.

The observations toward T Tauri stars have suggested that the typical accretion rate is
∼ 10−8 M⊙ yr−1 [Cieza et al., 2012, Alcalá et al., 2014, Manara et al., 2017]. Observations
show that accretion rates increase with stellar mass, following ∝ M1.8

∗ [Muzerolle et al.,
2003, Natta et al., 2006, Herczeg and Hillenbrand, 2008, Alcalá et al., 2014, Manara et al.,
2017]. Theoretical studies propose that this steep slope can be explained by the positive
correlation between disk mass and stellar mass [Pascucci et al., 2016, Pinilla et al., 2020].
Somigliana et al. [2022, 2024] analyzed this slope and showed that the slope becomes steep
when the disk mass grows more steeply than the accretion rate with the stellar mass. They
also found that the initial slope lies between 0.7 and 1.5 when comparing their model with
observations.

Accretion rates vary by several orders of magnitude even among the same stellar mass
stars [Manara et al., 2020]. Accordingly, the viscous parameter α varies from 10−4 to
10−2 [Andrews et al., 2009, Pinte et al., 2016, Trapman et al., 2020]. Earlier observations
estimated α at 10−2 [Hartmann et al., 1998, Williams and Cieza, 2011, Rosotti et al.,
2020], but recent observations suggest lower values, such as 10−3 [Rafikov, 2017] and 10−4

[Flaherty et al., 2020]. Subsequent studies have confirmed these lower estimates [Fedele
et al., 2018, Trapman et al., 2020].

The origin of viscosity remains an open question. One explanation involves magnetic
fields inherited from the molecular cloud. Magnetic fields interact with the gas, inducing
magnetorotational instability (MRI), which generates turbulence that enhances viscosity.
Theoretical calculations show that MRI can produce an effective viscous parameter of
around 10−2 [Sano et al., 2004, Suzuki et al., 2010]. This process depends on interactions
between the magnetic fields and the ionized gas. In the inner region of the disk (r ≤ 0.3 au),
high temperatures enable thermal ionization [Desch and Turner, 2015], while cosmic rays
occasionally ionize gas near the midplane [Simon et al., 2015].

The ionization state of the disk is divided into layers, with accretion processes varying
by layer [Gammie, 1996]. In shielded regions with low ionization, called the ‘dead zone,’
MRI is suppressed both theoretically and observationally [Turner et al., 2014, Mori and
Okuzumi, 2016, Flaherty et al., 2017]. ALMA observations of CO line broadening confirm
that MRI is less effective in these areas, with the effective viscous parameter estimated to
be around 10−4 [Flaherty et al., 2015, Nelson et al., 2013].

Magnetohydrodynamics Winds

Magnetic fields contribute to disk dispersal not only through MRI but also by dispersing
gas via MHD winds driven by centrifugal force [Suzuki and Inutsuka, 2009, Armitage
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et al., 2013]. Theoretical studies have performed shearing-box MHD simulations and have
shown that wind torque causes significant mass loss [Fromang et al., 2013, Bai and Stone,
2013a,b]. However, shearing-box simulations have limitations [Lesur et al., 2013]. For
example, Fromang et al. [2013] found that the results depend strongly on the box size,
with variations in the mass-loss rate reaching up to an order of magnitude. To address this,
Suzuki et al. [2016] conducted MHD simulations with a global disk model to provide more
realistic mass-loss rates.

MHD winds carry away the angular momentum, enhancing accretion as the gas loses
angular momentum [Lesur et al., 2014, Tabone et al., 2022b,a]. Kunitomo et al. [2020]
performed 1-dimensional disk evolution simulations that included both accretion and MHD
winds. They showed that a disk can disperse within 6 Myr because of efficient mass-loss
driven by MHD winds, even with a low viscous parameter of 8.0 × 10−5.

Recent observations directly captured outgoing CO gas emissions, likely from MHD
winds [Booth et al., 2021]. These observations revealed that the gas flow originates from
the inner disk, within r ≤ 4 au. The angular momentum carried away by these winds is
comparable to the angular momentum lost by the accreting gas. This finding suggests that
accretion driven solely by MHD winds can explain the observed disk dispersal features,
making the viscousity unnecessary in such models. These different observational results
highlight the variability and complexity of disk models.

Recent observations detected direct emissions from gas in escaping winds. It is proposed
that the observed neon spectral lines above the disk originates from the gas in the winds
Pascucci and Sterzik [2009], Pascucci et al. [2020, 2023]. Theoretical studies have
solved radiative transfer equations coupled with chemical reactions and have predicted the
expected image of CII emissions [Weber et al., 2020, Haworth and Owen, 2020]. Small dust
grains are carried away by gas flows.Franz et al. [2022] solved hydrodynamics to predict
the distribution and trajectory of dust grains. Actually, the James Webb Space Telescope
(JWST) observed the forbidden emission lines from several elements Arulanantham et al.
[2024]. JWST is expected to detect more signals of disk winds and to lead to the further
understanding of disk winds. Understanding the disk dispersal process and pinpointing
where mass is lost through winds will guide future observations of MHD winds.

Photoevaporation

The combined model of accretion and MHD winds indicates that the gas in the inner region
loses angular momentum rapidly and accretes onto the star. This predicts that disk mass
is lost in an inside-out manner. However, observations of disks emitting only from outer
regions are rare. This implies that while disk dispersal occurs over a few million years, the
final clearing of the disk occurs within a few hundred thousand years. Clarke et al. [2001]
proposed that photoevaporation clears gas in the outer region, while processes such as
accretion and MHD winds disperse gas in the inner region. Alexander et al. [2006a,b]
performed one-dimensional photoevaporation simulations and confirmed that once the
inner disk disperses, the outer disk gas is cleared within 105 years.

Photoevaporation is a process in which high-energy photons from the central star such
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as far-ultraviolet (FUV), extreme-ultraviolet (EUV), and X-rays heat the disk gas enough to
gain escape velocity and leave the system. The efficiency and heating mechanism depend
on the photon energy:

• Far-ultraviolet photons (FUV; 6 eV < hν < 13.6 eV) induce the photoelectric effect on
dust grains. Electrons ejected from dust grains transfer excess kinetic energy to the
surrounding gas, contributing to gas heating.

• Extreme-ultraviolet photons (EUV; 13.6 eV < hν < 0.1 keV) directly ionize hydrogen
atoms. The free electrons from ionization are quickly thermalized, which heats the
gas.

• X-ray photons (hν > 0.1 keV) ionize a variety of elements on the disk and often cause
secondary ionization events. These ionizations lead to further heating as the electrons
are thermalized.

The gas escapes the disk when its kinetic energy is sufficient to overcome the gravitational
potential of the star. The radius beyond which gas can escape as a result of
photoevaporation is referred to as the gravitational radius, rg, given by

rg = GM∗
c2

s

∼ 8.9 au
(

M∗
1 M⊙

)(
cs

10 km s−1

)−2
.

(2.15)

This position is approximated by the distance where the gravitational potential and thermal
energy are balanced. Liffman [2003] updated this by incorporating internal disk pressure
and derived the definition of a "critical radius," rcrit, which is given by

rcrit = (γ − 1)
2γ

GM∗
c2

s
∼ 0.2rg. (2.16)

In the equation, γ represents the ratio of specific heats and γ = 5/3 is assumed. This
suggests that photoevaporative mass loss can also occur inside the gravitational radius.
This is confirmed in a hydrodynamic calculation by Font et al. [2004]. Their calculations
showed that, although the mass loss is limited, photoevaporation affects disk evolution in
both inner and outer regions.

The concept of photoevaporation was initially introduced to explain the longevity of
the observed H II regions with high-mass stars. Early models suggested that intense
EUV radiation from massive stars could maintain an ionized H II region by continuously
supplying ionizing photons [Yorke and Welz, 1996].

The first direct imaging of a PPD showed blurred gas around stars [O’Dell et al., 1993,
O’Dell and Wen, 1994, McCaughrean and O’Dell, 1996]. FUV photons are not as efficiently
absorbed by the gas near the star as EUV photons, so external photoevaporation by FUV
photons has been suggested as the cause. Richling and Yorke [2000] conducted radiation
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hydrodynamics simulations of external photoevaporation with FUV and EUV radiation.
They found that FUV photons are the primary heating source for the gas, which results
in wing-shaped evaporative flows.

The radiation flux from the central star is comparable to that from nearby massive
stars, so photoevaporation also applies to individual disk evolution. Initial studies on
photoevaporation mainly focused on higher-energy photons, such as EUV and X-ray
photons. Since atomic hydrogen, the main absorber of EUV photons, is abundant in
disk gas, EUV photons are strongly attenuated near the star. Hollenbach et al. [1994]
ran photoevaporation simulations that incorporated radiative transfer and found that the
efficiency of photoevaporation depends on the strength of the stellar wind. When the stellar
wind is weak, photoevaporative flows originate just outside the gravitational radius. These
flows block radiation from reaching the outer disk, suppressing the mass-loss rate. The
mass-loss rate by photoevaporation is this model is fitted by:

Ṁpe = 9.2 × 10−10
( ΦEUV

1040.7 s−1

)1/2 ( M∗
1 M⊙

)1/2
M⊙ yr−1 (2.17)

This expression is widely used in studies that incorporate photoevaporation as a disk
dispersal process [Kunitomo et al., 2021]. EUV photons, however, are often fully absorbed
in the inner regions of the disk, which limits their impact on the outer regions of the disk
[Johnstone et al., 1998].

Subsequent studies extended the model to include photons of various wavelengths
and to disks around low-mass stars. Ercolano et al. [2008] performed photoevaporation
simulations that accounted for both EUV and X-ray radiation. Taking into account
hydrostatic conditions, their model estimated a photoevaporative mass-loss rate of
approximately Ṁpe ∼ 10−8 M⊙ yr−1. They further explored the effects of different X-ray
spectral energy distributions, finding that soft X-rays (< 1 keV) contribute significantly
to disk heating because they penetrate deeper into the disk and generate dense
photoevaporative winds. More recently, Ercolano et al. [2021] updated their simulations
with an enhanced soft X-ray spectrum, confirming that soft X-ray photons are a dominant
heating source.

Gorti and Hollenbach [2009] investigated the role of far-ultraviolet (FUV) radiation in
driving disk photoevaporation. Their steady-state simulations revealed that FUV-driven
photoelectric heating is the dominant heating mechanism at the disk surface. This
effect occurs when FUV photons eject electrons from dust grains, transferring energy
to surrounding gas molecules and raising the gas temperature sufficiently to initiate
a photoevaporative flow. For a solar-mass star (M∗ = 1 M⊙), their model estimated
a substantial mass-loss rate from photoevaporation, exceeding 10−8 M⊙ yr−1, which is
comparable to typical accretion rates observed in such systems. In addition to examining
the general effect of FUV heating, they explored how photoevaporation rates vary with
stellar mass by simulating a wide range of stellar masses, from 0.3 M⊙ to 7 M⊙. They found
that for stars in the range 0.3 M⊙ ≤ M∗ ≤ 3 M⊙, the disk dispersal timescale remained
relatively stable at ∼ 0.8 Myr. However, for a 7 M⊙ star, the disk dispersal timescale
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shortened drastically to under 105 yr because of the intense FUV and extreme-ultraviolet
(EUV) radiation from the star. This high-energy radiation rapidly heats and disperses the
disk gas, driving fast photoevaporative winds and hastening disk dispersal.

The study by Gorti and Hollenbach [2009] was the first to directly demonstrate how
differences in disk dispersal timescales across varying stellar masses could be attributed to
photoevaporation. Their findings underscore the importance of FUV radiation in setting
disk lifetimes, particularly in more massive stars, where high-energy radiation accelerates
disk clearing.

As theoretical studies improve, radiation hydrodynamic simulations have become the
standard for modeling photoevaporation because they provide a more realistic structure
of gas flows. Ercolano et al. [2009] compared the mass-loss rates of photoevaporation
between hydrostatic simulations and those with a fixed vertical structure, finding that the
mass-loss rate is approximately ∼ 4.9 times higher in the hydrostatic case. This is because
a flaring structure exposes a larger region to high-energy radiation from the central star.

Recent theoretical studies use photoevaporation simulations that solve radiative transfer,
hydrodynamics, and thermochemistry while considering all FUV, EUV, and X-ray radiation
[Wang and Goodman, 2017, Nakatani et al., 2018a,b]. They confirmed that the
photoelectric effect on dust grains by FUV radiation is the main heating process on the
disk surface. In addition, Nakatani et al. [2018b] varied the X-ray luminosity and clarified
the role of photons at different energies. Their series of calculations suggested that X-ray
radiation enhances the efficiency of heating by photoelectric effect because X-ray photons
ionize various elements and increase the ionization rate.

A series of previous studies provides a detailed insight into the photoevaporation process
and how high-energy photons of various energies contribute to mass loss. The latest
research has focused on how disk evolution depends on stellar properties, such as mass
and luminosity. We ran radiation hydrodynamic simulations of photoevaporation varying a
stellar mass in the range of 0.5–7 M⊙ [Komaki et al., 2021] (see also Komaki [2022]). In the
simulations, we incorporated FUV, EUV, and X-ray radiation and showed that photoelectric
heating by FUV photons consistently drives disk surface heating across different stellar
masses. The mass-loss rate is ∼ 3 × 10−9 M⊙ yr−1 around M∗ = 1 M⊙. We concluded
that shorter disk lifetimes with increasing stellar mass can be attributed to higher FUV
luminosities of more massive stars.

Furthermore, Picogna et al. [2021] conducted radiation hydrodynamic simulations to
investigate the effects of EUV and X-ray photons on mass loss. They showed that the
mass-loss rate increases with X-ray luminosity, which also correlates with stellar mass.
Despite these advances, there is ongoing discussion as to which wavelength range has
the most significant role in driving photoevaporation and disk dispersal. The resulting
mass-loss rate of photoevaporation also varies from one simulation to another because of
the calculation method relating to stellar radiation and consequent heating.

Sellek et al. [2024] revisited the previous studies by Nakatani et al. [2018b] and
Ercolano et al. [2021] to identify which photon energies contribute the most to disk
heating and to understand the differences in their simulation results. Earlier simulations
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that emphasize X-ray heating did not solve all radiative transfer equations [Owen et al.,
2010]. Instead, they used precomputed tables of the ionization parameter and local
gas temperature based on independent calculations. These tables overestimated gas
temperatures because molecular line cooling was not included. The overestimated
temperatures led to higher mass-loss rates in X-ray photoevaporation simulations.

Sellek et al. [2024] suggested that the variation in dominant energy ranges is attributed
to differences in the X-ray energy spectra used in simulations, particularly in the soft X-ray
range. Ercolano et al. [2021] showed that soft X-rays can drive photoevaporation by
depositing energy deeper into the disk. The actual photoevaporation mass-loss rate may
be closer to a lower value of ∼ 10−9 M⊙ yr−1. This aligns with recent observational findings
suggesting longer disk lifetimes.

The behavior of photoevaporation remains under investigation, particularly its
dependence on parameters such as dust amount, stellar luminosity, and stellar spectrum.
The physical quantities of the system undergo significant changes throughout disk dispersal.
Understanding the effects of both disk dispersal and stellar evolution to the main sequence
on photoevaporation is essential.

Combined Model of Disk Gas Dispersal

Previous research has examined how each process (accretion, MHD winds, and
photoevaporation) occurs and its contribution to disk mass loss. The observed disks reflect
the combined results of these dispersal processes. Theoretical research has used long-term
disk evolution simulations that incorporate accretion and photoevaporation [Clarke et al.,
2001, Alexander et al., 2006b, Gorti et al., 2009, Owen et al., 2010, Morishima, 2012,
Bae et al., 2013, Kimura et al., 2016, Emsenhuber et al., 2021, Kunitomo et al., 2021].
Table 1.1 shows the progress of this research field and describes the process incorporated
in each calculation. These studies consistently show that initially accretion drives the mass
loss dominantly, but photoevaporation becomes dominant at the final stage. Kunitomo
et al. [2020] demonstrated that MHD winds can explain observed disk lifetimes, even with
a low viscous parameter. Kunitomo et al. [2021] performed one-dimensional long-term
disk evolution simulations incorporating accretion, photoevaporation, and stellar evolution.
Their results showed that the high radiation from intermediate-mass stars increases the
mass loss rate and shortens the disk lifetimes. Theoretical studies have also demonstrated
that disks lose angular momentum through interactions with their host stars [Koenigl, 1991,
Shu et al., 1994, Romanova et al., 2009, Hartmann et al., 2016], further emphasizing the
multifaceted impact of magnetic fields on disk evolution.

Weder et al. [2023] performed simulations that included accretion, MHD winds, and
photoevaporation from EUV and X-ray radiation. They found that weak MHD winds
are essential for explaining observed disk dispersal timescales, comparing weak- and
strong-wind models. Their results also showed that external photoevaporation drives
significant disk dispersal. Kunitomo et al. [2021] demonstrated that as stars evolve and
luminosity increases, photoevaporation intensifies and accelerates disk dispersal. These
findings highlight the need for simulations that account for all relevant effects to fully
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understand disk dispersal.
Theoretical studies have made significant progress in understanding the physics

underlying individual disk dispersal processes. These processes are expected to operate
in combination. In this thesis, we perform long-term disk evolution simulations that
integrate accretion, MHD winds, photoevaporation, and stellar evolution. A unique aspect
of our approach is the incorporation of mass-loss rates derived from two-dimensional
radiation hydrodynamic simulations, which provide a more accurate representation of
photoevaporative effects. The photoevaporative mass-loss rate generally increases with
stellar mass. It is necessary to investigate whether this trend also applies to the overall
dependence of disk dispersal timescale on stellar mass. To address this, we conduct
long-term simulations that incorporate accretion, MHD winds, photoevaporation, and
stellar evolution while varying stellar mass in the range of 0.1–7 M⊙. Understanding
disk evolution around various types of stars offers realistic insights into planet-formation
processes, helping to explain the observed diversity in exoplanets.

Observations of star-forming regions provide statistical analyses of disks and their
evolutionary paths. Disk fraction, defined as the ratio of stars with surrounding disks, is
often used to understand population synthesis in regions. Recent studies have attempted
to reproduce observed disk fractions by assuming initial dispersions in star-forming regions
[Mordasini et al., 2009a,b, Emsenhuber et al., 2021, Weder et al., 2023]. We generate a
mock star-forming region containing 10000 disks to calculate the evolution of disk fraction
over time using the state-of-the-art disk evolution models, enabling a direct comparison
with observational data.

Interactions between Systems

Stars in a star-forming region evolve together and may interact with each other. Some
studies suggest that external effects, such as accretion from the envelope and external
photoevaporation, might influence disk evolution in certain cases. However, these effects
are not confirmed to be significant for all disks. Most disk evolution simulations assume
that the disks evolve independently.

Observations of PPDs often show extended gas around the system, suggesting that gas
continues to accrete from the envelope even after the star reaches the pre-main-sequence
stage. This accretion from the envelope can replenish the disk mass and prolong disk
lifetimes.

Kimura et al. [2016] performed one-dimensional diffusion simulations incorporating a
source term representing envelope accretion to model more realistic disk evolution. Their
results showed that systems with high angular momentum form larger disks, which leads
to longer disk lifetimes. This suggests that angular momentum influences both the shape of
the disk and the lifetime. In another study, Winter et al. [2024] conducted disk evolution
simulations that included Bondi-Hoyle-Lyttleton (BHL) accretion from the envelope. They
compared their results with observed disk lifetimes, masses, accretion rates, and radii. Their
simulations showed that the disk mass increases during the first 1 Myr before starting to
decline. In the final stages of disk evolution, 20–70% of the disk mass comes from accreted
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gas.
External photoevaporation is another important disk dispersal process. High-energy

radiation from nearby massive stars heats the disk gas and launches the photoevaporative
gas flows. The impacts of nearby massive stars are observed as reduced disk mass [Mann
et al., 2014, Ansdell et al., 2017, van Terwisga et al., 2020], smaller disk radii [Eisner et al.,
2018, Boyden and Eisner, 2020], and undetectable CO [Ansdell et al., 2017, Boyden and
Eisner, 2020]. Observations also suggest that the disk fractions of these regions are low,
suggesting shorter disk lifetimes [Mann et al., 2014, Guarcello et al., 2016, Sellek et al.,
2020, van Terwisga et al., 2020]. For example, in the Orion star-forming region, disks
within a projected separation of 1.5 pc from B-type stars show significant CO dissociation
caused by FUV radiation.

Haworth et al. [2018, 2023] developed hydrodynamic simulations of external
photoevaporation, which examine an impact of a wide range of FUV fluxes from 10 to
105G0, where G0 is the Habing flux unit and given by

G0 = uν(6 − 13.6 eV)
1.6 × 10−3 erg cm−2 s−1 . (2.18)

In the equation, uν represents the flux integrated in the wavelength of FUV photons. They
found that a disk begins to lose its mass with a significant mass-loss rate of ≥ 10−8 M⊙ yr−1

when the FUV field exceeds 1000G0, with mass loss primarily occurring in the outer disk
regions where gravitational binding is weaker.

Some disk evolution simulations focus on the collective evolution of disks within
star-forming regions. N-body simulations are employed to track the positions of individual
stars, modeling their interactions through external photoevaporation. These simulations
have shown that the external photoevaporation efficiency is highly environment-dependent
[Concha-Ramírez et al., 2019, 2021, Parker et al., 2021]. While 58% of the stars in
regions with O/B stars are influenced by FUV radiation, only about 25% experience FUV
flux intense enough to cause significant external photoevaporation [Fatuzzo and Adams,
2008]. External photoevaporation plays a critical role in modeling individual systems in
dense, massive star-forming regions, but it may not be necessary to understand the general
evolution of the disk.

Evolution of Dust Grains

Since most of the disk mass is composed of gas, the physical processes that dominate disk
evolution are primarily related to gas behavior. However, most disk observations focus on
the distribution of dust grains. To understand the observed trends, it is necessary to study
the evolution of dust grains.

Dust grains orbit the star and form part of the PPD, similar to gas. Their motion differs
from that of gas because of processes specific to dust grains, such as radial drift, settling,
collisional growth, and fragmentation. The evolution of dust grains is given by Clarke and
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Pringle [1988] as:
∂Σd

∂t
+ 1

r

∂

∂r
(rΣdud) + 1

r

∂

∂r
(rFd) = 0 (2.19)

where ud and Fd represent the dust radial velocity and the external forces on dust grains.
Simple dynamics predicts that dust grains orbit following a Keplerian motion with no radial
velocity, but they deviate from the Keplerian motion because of gas drag. The drift velocity
ur, which corresponds to the difference from Keplerian motion, is given by:

ud = 2St

St2 + 1v′
gas,ϕ + 1

St2 + 1v′
gas,r, (2.20)

where v′
gas,r and v′

gas,ϕ denote the deviation of the gas velocity from Keplerian motion. In the
equation, St represents the Stokes parameter. Radial drift is an effective process that shapes
the morphology of dust disks. Observations show that the radius of the gas component is
larger than that of the dust component. In Lupus, more than 60% of the observed disks have
a gas-to-dust radius ratio of RCO/Rdust ≥ 2 [Sanchis et al., 2021]. Toci et al. [2021] showed
that the large RCO/Rdust in the young star-forming region can be attributed to radial drift
by performing disk evolution simulations considering viscous evolution, grain growth, and
radial drift.

Dust grains also experience diffusion similar to that of gas. Since dust observations are
more common than gas observations, dust simulations provide a useful way to compare
them with observed data. Some theoretical studies simulate the evolution of dust disks
[Garaud, 2007, Hughes and Armitage, 2010], but they often differ in their assumptions.
Many calculations assume that the dust size distribution always follows a power-law
distribution. For gas, these models typically include viscous accretion and sometimes a
simple one-dimensional mass-loss profile for photoevaporation. Dust grains undergo radial
drift and growth simultaneously. The dust evolution models have been updated by solving
the dust size distributions using continuous distributions [Brauer et al., 2008, Birnstiel et al.,
2010]. These models show that the dust size distribution is influenced by the slope of the
gas density (pressure) distribution and the strength of turbulence. Birnstiel et al. [2012]
provided a simple fit for the dust size distribution calculated in Birnstiel et al. [2010],
considering only viscous accretion as a gas dispersal process. Since the resulting dust size
distribution is primarily determined by the gas surface density via turbulence, it is crucial
to track gas evolution processes to fully understand dust evolution.

Recent advances in disk simulations have allowed us to simultaneously track the
evolution of gases and dust [Gorti et al., 2015, Burn et al., 2022, Emsenhuber et al., 2023].
Until recently, models incorporating dust growth were limited to just a few dust-size bins.
For example, Burn et al. [2022] developed a one-dimensional disk evolution model that
includes accretion, X-ray photoevaporation for gas evolution, and radial drift, diffusion,
entrainment by photoevaporative winds and two-size dust growth for dust evolution. As
gas surface density evolves, capturing the full distribution of dust sizes becomes a challenge
with only two bins.

In response to this limitation, Stammler and Birnstiel [2022] developed a model with a
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more detailed dust size distribution in the range of 5.2 × 10−5–24 cm with 120 bins. This
comprehensive approach allows for a more accurate description of the evolving dust size
distribution. Most previous studies have focused on radial drift and turbulence as the main
outcomes of gas-dust interactions. However, other processes also play an essential role, such
as dust entrainment in gas flows [Hutchison et al., 2016b] and external photoevaporation
[Sellek et al., 2020]. Hydrodynamic simulations reveal that only small dust grains with
≤ 10 µm are entrained by gas flows [Facchini et al., 2016, Hutchison et al., 2016a]. Settling
of dust grains toward the midplane could reduce this size further, limiting the entrainment
of larger grains. Sellek et al. [2020] suggested that the dust grains grow rapidly within 105

years, becoming too large to be carried by gas flows during this period. Although external
photoevaporation significantly reduces the dust mass in the outer disk, the impact on the
overall dust distribution remains limited.

While prior research has extensively studied gas evolution and the effects of gas
dynamics on dust, there are relatively few studies examining how dust evolution impacts
gas. Dust grains play a key role in photoelectric heating, which is one of the primary
mechanisms driving photoevaporation through the photoelectric effect of dust grains by
FUV radiation. In this paper, we investigate how dust evolution influences gas dispersal.

2.3 Planet Formation

Planets form inside PPDs out of the disk materials. Dust grains settle on the midplane of
the disk, where they cluster and undergo coagulation. Through successive collision and
growth, these grains gradually grow into larger bodies, eventually reaching kilometer-scale
sizes, known as planetesimals. Since the disk lifetime sets a strict upper limit on the time
available for planet formation, understanding disk evolution is essential to clarifying how
and when planets form.

Over 5000 planets have been discovered since the first detection by Mayor and Queloz
[1995]. Observed planets exhibit diversity in their properties, such as mass and distance
from their host stars [Howard, 2013, Fulton et al., 2017, Zhang et al., 2018, Zhu and Dong,
2021, Gaudi et al., 2021]. Mulders et al. [2015] analyzed planets around M-, K-, G- and
F-type stars observed by the Kepler Space Telescope. They found that planet formation
rates are higher around M-type stars compared to G-type stars. Observations also indicate
that larger planets are more common around F-, G-, and K-type stars than low-mass stars
[Howard et al., 2012, Sabotta et al., 2021]. Johnson et al. [2010] revealed that the
occurrence rate of gas giants increases with metallicity and with stellar mass around M
to A-type stars. These findings suggest that planet-occurrence rates and properties depend
on stellar mass and natal environments influenced by stellar properties.

PPDs, as the birthplace of planets, are believed to influence the diversity of planets. Disk
characteristics such as mass [Kokubo and Ida, 2002], metallicity [Petigura et al., 2018], and
ring positions [van der Marel and Mulders, 2021] are believed to shape planet formation.
Ribas et al. [2015] suggested that shorter disk lifetimes around massive stars explain the
lack of hot Jupiters in these systems. By studying how variations in disk mass, metallicity,
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stellar mass, and other factors affect disk evolution, we can gain insight into how these
initial conditions influence planet formation and help explain the diverse characteristics
observed in exoplanet populations.

Theoretically, planets are believed to create substructures such as gaps and rings through
interactions with the disk. Observing these gaps provides an estimate of the planet mass,
offering valuable insights into ongoing planet formation [Tobin et al., 2020, Tychoniec et al.,
2020]. Simulating such gaps requires detailed knowledge of the evolution of the gas surface
density.

Previously, planet formation was assumed to occur around class II stars. However,
recent observations suggest that planet formation begins earlier. ALMA observations show
that disk radius decreases from class 0 to class I phases, because of the loss of angular
momentum due to interactions with planets [Tobin et al., 2020]. Understanding disk
evolution, especially from the earliest phases, is crucial to fully revealing the process of
planet formation. Further evidence suggests that the class I disk has sufficient material for
planet formation while the class II disk has insufficient material for the observed planet
[Tychoniec et al., 2020]. This result also suggests that planet formation begins in the early
stage of disk evolution. Given these findings, understanding disk evolution from the earliest
stages is crucial for revealing the complete timeline of planet formation.

Dust grains grow by colliding and sticking together, forming pebbles and eventually
planetesimals. The classical model of planet formation suggests that dust grains collide,
stick together, and settle toward the midplane. Dust settling facilitates larger grains to
coagulate and grow further [Weidenschilling and Cuzzi, 1993]. The dust growth timescale
is estimated to be ∼ 104 yr at r = 5 au. However, there are significant challenges with this
theory.

One issue is that coagulated dust grains undergo rapid radial drift toward the central
star. For example, cm-sized dust grains accrete to the star within ∼ 100 yr. Another
issue is the relative velocity between the dust grains. As dust coagulates and grows,
the velocity differences increase, making collisions more likely to result in fragmentation
[Brauer et al., 2008]. These challenges suggest a barrier in the classical model, prompting
many researchers to investigate alternative processes for planet formation.

To address the radial drift problem, it is necessary to consider a planet formation model
that avoids the cm-sized phase. One proposed model involves millimeter-sized grains
rapidly condensing through gravitational collapse or instability within the disk [Goldreich
and Ward, 1973]. Several mechanisms for inducing this collapse have been proposed. Cuzzi
et al. [2008] suggest that turbulence concentrates dust grains within eddies, which then
collapse. Another mechanism is the flow instability, where the different motions of gas
and dust cause dust grains to clump together [Youdin and Goodman, 2005, Youdin and
Johansen, 2007, Jacquet et al., 2011]. Simulations show that this process is enhanced by
higher dust-to-gas mass ratios [Chen and Lin, 2020, Gole et al., 2020, Umurhan et al.,
2020] and moderate gas pressure gradients [Abod et al., 2019, Gerbig et al., 2020]. These
calculations suggest that both gas and dust evolution plays a critical role.

Another pathway is coagulation of fluffy dust [Okuzumi et al., 2012]. Traditional
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dust growth simulations often assume a constant solid density for dust grains, typically
1.6 g cm−3 or 2.2 g cm−3. However, fluffy dust grains, formed through low-density collisions,
increase in porosity as they grow. Calculations suggest that fluffy grains can be compressed
and grow to km-sized bodies under the influence of gas pressure or self-gravity [Kataoka
et al., 2013a,b]. The secular gravitational instability provides another potential route for
planet formation. Disk material gathers into planetesimals through this process [Youdin,
2011, Takahashi and Inutsuka, 2014]. Tominaga et al. [2019] showed that a high
dust-to-gas ratio, D ≥ 0.2, is necessary for this mechanism to occur.

The dominant process for planet formation remains debated. Previous research
highlights the need to account for both dust distribution and the effects of gas evolution
on dust growth. Long-term disk evolution simulations that incorporate both gas and dust
dynamics could provide crucial insights into the conditions under which planets form.

Previous works failed to incorporate accurate gas evolution to dust evolution
simulations, even though the gas density profile dominates the motion and growth of
dust grains. In this dissertation, we tackle this by performing disk evolution simulations
which incorporate both gas and dust evolution by utilizing our original gas evolution
simulation which considers all the major disk dispersal processes; accretion, MHD winds,
and photoevaporation. At the same time, we also investigate the impact of dust evolution
on disk dispersal through photoevaporation because the disk is dominantly heated by the
photoelectric effect of dust grains. This is the first work to consider all the above processes
at the same time.

2.4 Thesis Overview

When considering the evolution from gas to a star-planet system, the disk is always at
the center of attention. Understanding disk evolution is key to determining the conditions
under which planets form and the timing of planet formation. Recent observations suggest
that planet formation begins earlier than previously thought. This highlights the need for
thorough disk evolution simulations starting from the very initial phase.

Recent simulations of photoevaporation show that FUV photons play a significant role in
heating disk gas through the photoelectric effect on dust grains. Two important parameters
that influence the efficiency of FUV heating are the abundance of dust grains and the FUV
luminosity. We have performed radiation hydrodynamic simulations of photoevaporation,
varying the FUV luminosity over several magnitudes, and found that the photoevaporative
mass-loss rate increases with FUV luminosity, following ∝ L0.55

FUV. This relationship holds
across a wide range of stellar masses, 0.5 ≤ M∗ ≤ 7 M⊙. It is therefore essential to
investigate how the photoevaporation process changes with varying amounts of dust.

In Chapter 3, we perform radiation hydrodynamic simulations of photoevaporation,
varying the dust-to-gas mass ratio in the range of 10−1 ≤ D ≤ 10−6. These simulations focus
solely on gas motion induced by photoevaporation and do not include other disk dispersal
processes such as viscous accretion and MHD winds. We include FUV, EUV, and X-ray
photons as sources of radiation from the central star. The dust-to-gas mass ratio is assumed
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to be spatially uniform throughout the disk. Although the simulation primarily considers the
evolution of gas density and temperature, we calculate the dust temperature separately to
consistently evaluate the efficiency of the photoelectric effect. From these calculations, we
derive the surface mass-loss rate and identify the radii from which photoevaporative flows
are launched. This also provides a formula that can be applied in one-dimensional disk
evolution simulations, enabling to consider of multiple disk dispersal processes consistently.

Previous theoretical studies demonstrated realistic disk dispersal using simulations that
included incomplete sets of processes. As a result, each work claims that the different
process is the dominant one. It is essential to perform a long-term disk evolution simulation
considering all major disk dispersal processes to fully understand the evolution path of
protoplanetary disks.

In Chapter 4, we perform one-dimensional long-term disk evolution simulations
incorporating accretion, MHD winds, photoevaporation, and stellar evolution
simultaneously. This provides a comprehensive view of disk evolution. The surface
mass-loss rate due to photoevaporation is derived from the radiation hydrodynamic
simulations presented in Chapter 3. Our work represents the first simulation that includes
photoevaporation driven by FUV, EUV, and X-ray photons. This approach enables a more
realistic realization of disk gas evolution. Although we assume a constant dust-to-gas mass
ratio in this calculation, the evolution of dust grains is discussed in Chapter 5. We run
simulations with varying stellar masses to investigate the reasons for differences in disk
dispersal timescales and how the distribution of disk material changes with stellar mass.
Disk fraction, a widely used parameter to describe the evolutionary stage of disk dispersal,
is calculated for a mock star-forming region containing 10,000 disks to enable direct
comparisons with observational data. Observations from the outer galaxy suggest a low
disk fraction in low-metallicity environments. Although the exact cause is unclear, rapid
disk dispersal in these regions is often attributed to enhanced photoevaporation due to
reduced attenuation. To investigate this trend, we perform a series of photoevaporation
simulations and long-term disk evolution simulations at Z = 0.1 Z⊙ to identify the
processes contributing to rapid disk dispersal. This is the first study to perform disk
evolution simulations incorporating a complete set of disk dispersal processes, aiming to
understand the observed trend of low disk fractions in low-metallicity environments.

Most disk observations focus on dust grains, even though the majority of the disk mass
is composed of gas. The commonly observed dust-to-gas mass ratio of 0.01 in the ISM
is often used to infer the total disk mass from observed dust, but this estimate carries
significant uncertainty. This uncertainty arises from the efficient dispersal or coagulation of
dust grains and the local and time variations in the dust-to-gas mass ratio. Since disk gas
is primarily heated by the photoelectric effect on dust grains, the evolution of dust grains
can significantly influence gas dispersal through photoevaporation. To accurately model
this process, it is essential to perform disk evolution simulations that consistently account
for both gas and dust components. Several previous studies have aimed to understand
the detailed mechanisms of photoevaporation during the later stages of disk dispersal.
However, the outcomes of these studies often depend on assumptions made about the

Chapter 2 31



2.4. THESIS OVERVIEW

evolved state of the disk.
In Chapter 5, we perform simulations that simultaneously solve the evolution of gas

and dust. These simulations include processes such as radial drift, diffusion, entrainment
by gas flows, and dust collisional growth to study dust evolution in detail. At each time
step, we explicitly follow the local dust-to-gas mass ratio. Using the dependence of the
photoevaporation rate on the dust-to-gas mass ratio derived in Chapter 3, we consistently
estimate the surface mass-loss rate at each location. In addition, we examine the overall
effect of dust evolution on disk dispersal. This research is the first to assess the impact of
dust evolution on the photoevaporation process. A distinctive aspect of our approach is that
we consistently follow the gas and dust co-evolution from the very beginning.

Throughout this dissertation, we focus on photoevaporation and its role in overall
disk dispersal. This represents the first and most detailed research on this topic with
comprehensive calculations.
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Photoevaporation of Dust-Deficient Disks

Figures

3.1 Motivation for Studying Dust-Deficient Disks

Photoevaporation is one of the major disk gas dispersal processes. The disk gas is heated by
high-energy radiation such as far-ultraviolet (FUV), extreme ultraviolet (EUV), and X-ray
photons emitted from the central star. The heated gas with sufficient kinetic energy escapes
from the system, and the gas flows result in gradual mass loss from the disk. Previous
theoretical research has shown that viscous accretion alone cannot explain the observed
disk dispersal timescale of several million years. Adding photoevaporation makes it possible
to explain this timescale. For this reason, photoevaporation is often introduced as the
dominant process driving disk dispersal in the later stages of disk evolution.

Previous research has studied photoevaporation using 1 + 1 dimensional simulations,
typically assuming hydrostatic equilibrium and focusing primarily on EUV-driven heating.
Gorti et al. [2009] advanced these models by including FUV, EUV, and X-ray radiation in
their one-dimensional simulations. They demonstrated that the photoelectric effect on dust
grains by FUV photons is the primary mechanism for gas heating in a wide range of stellar
masses (0.3 M⊙ ≤ M∗ ≤ 7 M⊙).

Subsequent radiation hydrodynamic simulations revealed that the assumption of
hydrostatic equilibrium does not fully capture the dynamics of photoevaporative flows. Gas
launched from the inner disk can attenuate radiation from the central star, altering the
heating profile and mass-loss rates [Wang and Goodman, 2017, Nakatani et al., 2018a].
We conducted a series of radiative hydrodynamic simulations for stars with masses ranging
from 0.5 M⊙ to 7 M⊙, confirming that FUV photons dominantly drive photoevaporative
flows [Komaki et al., 2021]. These photons heat the gas on the disk surface via the
photoelectric effect on dust grains. The emitted electrons thermalize in the gas and increase
its temperature. Therefore, the efficiency of FUV heating depends both on the abundance
of dust grains and the FUV luminosity.
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Nakatani et al. [2018b] showed that the abundance of dust grains plays a crucial role in
the photoelectric effect by varying the metallicity in their photoevaporation simulations.
Dust grains follow an evolution path distinct from gas because of processes unique
to solid particles, including radial drift, settling toward the midplane, entrainment in
photoevaporative winds, growth via coagulation, and turbulence. Several theoretical
studies have shown that these processes often lead to a faster decrease in dust mass than
in gas mass. Furthermore, coagulation reduces the abundance of small dust grains that are
critical for photoelectric heating. The photoelectric effect occurs most efficiently on small
dust grains with radii in the 15Å ≤ a ≤ 100Å range.

Theoretical studies have shown that photoevaporation becomes particularly important
in the later stages of disk evolution as accretion rates drop significantly because of
the reduced surface density. The relative importance of photoevaporation highlights
the necessity of investigating the heating mechanism and resulting mass-loss of
photoevaporation with a low dust-to-gas mass ratio.

Another reason for focusing on photoevaporation in dust-deficient disks is the low
abundance of polycyclic aromatic hydrocarbons (PAHs) observed around low-mass stars.
These observations suggest that the PAH abundance is less than 1% of the abundance in
ISM [Geers et al., 2006, 2007, Oliveira et al., 2010, Vicente et al., 2013]. Since low-mass
stars are the main components of stellar clusters according to the IMF, photoevaporation of
disks with less dust grains is essential to understanding general disk dispersal.

In this chapter, we perform a series of radiation hydrodynamics simulations varying the
dust-to-gas mass ratio. We clarify the detailed heating processes for photoevaporation with
various dust-to-gas mass ratios in the range of 10−6 ≤ D ≤ 10−1. We aim to understand
how photoevaporation depends on the dust-to-gas mass ratio and to discuss its impact on
overall disk evolution and dispersal.

3.2 Methods

In our simulation, radiation transfer, hydrodynamics, and non-equilibrium thermochemistry
are solved simultaneously to understand the physical and chemical structures in evaporating
disks. We use the open-source code PLUTO [Mignone et al., 2007] to solve gas
hydrodynamics combined with a radiative transfer module Nakatani et al. [2018a]. We
update the chemical network module and add it to the radiative hydrodynamic simulation
codes. The updated chemical reactions allow us to trace detailed heating related to
excitation and de-excitation of H2. This network captures the detailed chemical reactions
and heating mechanisms, including those driven by FUV, EUV, and X-ray radiation.

By solving these three components—radiation transfer, hydrodynamics, and
non-equilibrium thermochemistry—simultaneously, we achieve a detailed representation
of the physical and chemical structure of an evaporating disk. This approach
comprehensively explains how high-energy radiation interacts with the disk material and
drives photoevaporative gas flows.
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3.2.1 Governing Equations

The governing equations are given in three-dimensional spherical coordinates (r, θ, ϕ) by

∂ρ

∂t
+ ∇ · (ρv) = 0,

∂(ρvr)
∂t

+ ∇ · (ρvrv) = −∂P

∂r
− ρ

GM

r2 + ρ
v2

θ + v2
ϕ

r
,

∂(ρvθ)
∂t

+ ∇ · (ρvθv) = −1
r

∂P

∂θ
− ρ

vrvθ

r
+ ρ

v2
ϕ

r
cot θ,

∂(ρvϕ)
∂t

+ ∇l · (ρvϕv) = 0,

∂E

∂t
+ ∇ · Hv = −ρvr

GM

r2 + ρ(Γ − Λ),

∂nHyi

∂t
+ ∇ · (nHyiv) = nHRi.

(3.1)

In the equations, P , ρ, E, H, Γ, and Λ represent the pressure, gas density, total energy per
unit volume, enthalpy per unit volume, heating rate, and cooling rate, respectively. The first
equation describes the continuity equation. The second to fourth equations correspond to
the Euler equations, which represent momentum conservation in the r, θ, and ϕ directions
in spherical coordinates. The fifth equation is the energy conservation equation. The sixth
equation is the equation for chemical evolution. In the equation, nH is the number density
of elemental hydrogen, and yi and Ri denote the abundance and reaction rate of the specific
chemical species labeled i. For simplicity, a disk is assumed to be axisymmetric around the
z-axis. Equations in the ϕ direction are also solved to clarify the evolution of the angular
momentum.

Eleven chemical species are incorporated: H, H+, H– , He, H2, H2
+, H2*, CO, O, C+,

and electrons. Atomic carbon (C) is not explicitly included because it is quickly ionized into
C+ by FUV photons right after CO is photodissociated [Nelson and Langer, 1997, Richling
and Yorke, 2000].

The elemental abundances of carbon and oxygen in the gas phase are set to yC =
0.927 × 10−4 and yO = 3.568 × 10−4, respectively, following the model to reproduce the
solar abundance [Pollack et al., 1994].

Vibrationally excited hydrogen molecules are explicitly incorporated as H2* to clarify
the heating and chemical reactions that involve this species. Although H2 has hundreds of
excitation levels, the vibrational state of v = 6 represents all excited states for simplicity
Tielens and Hollenbach [1985].

The reaction network between these species is incorporated in the calculation. The rates
of these processes depend on the local physical conditions, such as temperature, density,
and radiation field intensity. The complete list of rate coefficients is provided in Appendix
A.
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3.2.2 Heating and Cooling

Major heating and cooling reactions are considered to reproduce the thermal and chemical
structure of the disk.

We incorporate EUV and X-ray heating, FUV heating via the photoelectric effect on
dust grains, H2 dissociation, and the de-excitation of vibrationally excited H2* for heating
processes. For cooling processes, we employ adiabatic cooling, hydrogen recombination,
Ly α emission, dust-gas collisional cooling, O I line cooling, C II line cooling, and molecular
line cooling of H2 and CO. Each process will be introduced in later sections.

EUV and X-ray photons contribute to heating primarily by ionizing hydrogen atoms.
Hydrogen ionization requires photons with energies exceeding hν ≥ 13.6 eV. The excess
energy from these photons is converted into the kinetic energy of free electrons, which
thermalize the gas. The ionization rate of H I is expressed as:

Rion =
∫ ∞

ν1
yH InH σH Fν dν, (3.2)

where σ is the ionization cross-section, and Fν is the photon flux at a specific frequency ν.
The minimum frequency for ionization corresponds to hν1 = 13.6 eV. The cross-section σ is
approximated as shown in Osterbrock and Ferland [2006] and given by

σH = 6.3 × 10−18
(

hν

hν1

)−3
cm2 (3.3)

The resulting heating rate due to hydrogen ionization is given by:

ΓEUV =
∫ ∞

ν1
yH InH σH,ν Fν h(ν − ν1) dν (3.4)

The local photon flux at a specific frequency is derived by solving a radiative transfer,
given by

1
r2

∂

∂r

(
r2Fν

)
= −nHIσνFν . (3.5)

The local photon flux at a specific frequency is then obtained by integrating Eq. 3.5 along
the line of sight:

Fν = ΦEUV,ν

4πr2 exp (−σνNH I) , (3.6)

where NH I denotes the column density of neutral hydrogen, which is given by

NH I =
∫

dr nH I. (3.7)

EUV photons are assumed to follow a blackbody distribution with an effective
temperature of Teff = 104 K. At the same time, the X-ray spectrum is based on observational
data for TW Hya provided by Nomura et al. [2007].

EUV radiation creates an H II region in the region close to the star. EUV photons are
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mainly absorbed near the star, limiting their role in launching photoevaporative flows
[Richling and Yorke, 2000]. In contrast, X-ray photons can penetrate deeper into the dense
region inside the disk and launch dense neutral photoevaporative flows [Owen et al., 2010].

FUV photons do not have sufficient energy to ionize hydrogen atoms directly. Instead,
they contribute to gas heating by inducing the photoelectric effect on dust grains. In
this process, FUV photons eject electrons from the surface of dust grains. These emitted
electrons must overcome the Coulomb potential of the positively charged dust grains. The
electrons thermalize in the surrounding gas and increase the temperature there.

The efficiency of this process depends on the electric charge of the dust grains. The
electron emission rate of a single photoelectric effect can be expressed as:(dN

dt

)
=
∫

dν
uνc

hν
πa2QabsYpe, (3.8)

where Ype represents the yield, the fraction of electrons that successfully escape the dust
grain after being excited. The value of Ype increases with higher photon energy and
decreases with higher Coulomb potential of the dust grain [Draine and Bertoldi, 1996,
Weingartner et al., 2006]. In the equation, dν uνc

hν represents the number of photons with
energy [ν, dν] per unit area, and πa2Qabs denotes the absorption cross-section of a dust grain
with the radius of a. The heating efficiency of the photoelectric effect is most prominent
on small dust grains with sizes in the range of 15Å ≤ a ≤ 100Å. This is because emitted
electrons are more likely to escape the electronic potential of the dust grain and reach the
gas phase than from larger grains.

The heating rate due to the photoelectric effect is described by Bakes and Tielens [1994]
as:

ΓPE = 10−24 erg s−1 cm−3 × ϵG0nH(D/0.01)

ϵ =
[

4.87 × 10−2

1 + 4 × 10−3(G0
√

Tgas/ne)0.73 + 3.65 × 10−2(Tgas/104 K)0.7

1 + 2 × 10−4G0
√

Tgas/ne

]
,

(3.9)

where Tgas and ne represent the gas temperature and electron number density. This heating
process is significant in the upper layers of protoplanetary disks, where small dust grains
are abundant and FUV photons are not attenuated. The heating rate of the photoelectric
effect depends on the abundance of small dust grains that are susceptible to the coagulation
process.

Lyman-Werner (LW) photons, with energies of 11.2 eV ≤ hν ≤ 13.6 eV, excite
hydrogen molecules from their electronically ground state to an electronically excited state.
Approximately 10% of the excited molecules experience photodissociation and are split into
two hydrogen atoms. This process is called photodissociation. The rate of H2 dissociation
is expressed as:

RH2,diss = 3.4 × 10−11fshieldG0e−2.5AV s−1, (3.10)

where fshield, G0, and AV represent the self-shielding factor, the incident FUV flux in Habing
units, and the visual extinction, respectively.
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The Habing unit is a parameter for the energy density of FUV radiation and is defined
as:

G0 = uν(6 − 13.6 eV)
1.6 × 10−3 erg s−1 cm−2 . (3.11)

In the solar vicinity, G0 ∼ 1. Self-shielding of H2 is parameterized by fshield, as described by
Draine and Bertoldi [1996]:

fshield =
{

1
(
NH2 < 1014 cm−2)(

NH2/1014 cm−2)−0.75 (
NH2 ≥ 1014 cm−2) (3.12)

During the process of H2 photodissociation, 0.4 eV is deposited in the gas and consequently
contributes to the heating.

The remaining 90% of the excited H2 molecules go through de-excitation and return to
the vibrationally excited ground state labeled H2*. The rate of this process is given by:

Rd = 3.06 × 10−10βG0e−2.5Av s−1. (3.13)

There are four possible pathways for H2* de-excitation: collision with H I, collision with
H2, direct photodissociation by FUV photons, and spontaneous decay. The reaction rates
for collisions with H I and H2 are given by Tielens and Hollenbach [1985] as

kde(H) ≃ 1.8 × 10−13 cm3 s−1 ×
(

Tgas
K

)1/2
exp

(
−1000 K

Tgas

)

kde(H2) ≃ 2.3 × 10−13 cm3 s−1 ×
(

Tegas
K

)1/2
exp

(
− 1800 K

(Tgas + 1200 K)

)
.

(3.14)

These collisional processes transfer energy amounts of 2.6 eV to the ambient gas. The
heating rate from collisions is expressed as:

Γ = [n(H)kde(H) + n(H2)kde(H2)]n(H∗
2) × 4.17 × 10−12 erg cm−3 s−1. (3.15)

H2* molecules also photodissociate into two H I atoms by FUV photons. The dissociation
rate is given by

R = 10−11βG0e−2.5Av s−1. (3.16)

This dissociation process deposits 0.4 eV in the gas.
Finally, H2* can undergo spontaneous decay, returning to the ground state. This process

occurs at a rate of
A = 2.0 × 10−7 s−1. (3.17)

Although spontaneous decay emits energy, this radiation escapes the system and does not
contribute significantly to gas heating.

We incorporate several cooling processes into the calculations; dust-gas collisional
cooling [Yorke and Welz, 1996], fine-structure line cooling of C II and O I [Hollenbach and
McKee, 1989, Osterbrock, 1989, Santoro and Shull, 2006], molecular line cooling of H2 and
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Stellar mass (M∗) 1 M⊙
Disk mass (Mdisk) 0.03 M⊙
Metallicity (Z∗) Z⊙

Dust-to-gas mass ratio 10−6, 10−5, 10−4, 10−3, 10−2, 10−1

FUV luminosity 1031.7 erg s−1

EUV luminosity 1040.7 s−1

X-ray luminosity 1030.4 erg s−1

▶ Table. 3.1 The stellar parameters used in the simulation. FUV and X-ray luminosities
are given in the unit of energy luminosity and EUV luminosity is given in the unit of photon
flux.

CO [Galli and Palla, 1998, Omukai et al., 2010], hydrogen Lyman α line cooling [Anninos
et al., 1997], and radiative recombination cooling [Spitzer, 1978]. LTE level populations
are assumed for C II and O I line cooling.

3.2.3 Simulation Setup

We perform a series of photoevaporation simulations varying the dust-to-gas mass ratio, D,
in the range of 10−6–10−1. In all cases, we assume a stellar mass of M∗ = 1 M⊙ and a
gas-phase metallicity of Z = Z⊙. The initial disk mass is set to 3% of the stellar mass, a
typical value around a T Tauri star at 1 Myr.

The initial density profile is given by

Σ(r) = 27.1 g cm−2 × (r/rg)−1. (3.18)

Although the minimum solar system model suggests Σ ∝ r−1.5, we adopt a more gradual
distribution. As proposed by Clarke et al. [2001], photoevaporation becomes dominant in
the later stages of disk dispersal, while accretion primarily governs mass loss in the earlier
stages. In self-consistent accretion models, the surface density profile naturally evolves
toward Σ ∝ r−1 after approximately 1 million years. Therefore, we adopt Σ ∝ r−1 as the
initial surface density profile.

The initial temperature profile is defined as

Tgas = 100 K × (r/0.1rg)−1/2. (3.19)

The gas temperature is updated at each timestep, accounting for heating and cooling
processes through non-equilibrium thermochemical reactions.

The luminosity of each FUV, EUV, and X-ray radiation and stellar parameters are listed
in Table 3.1.

We perform simulations for 8400 years, which is equivalent to ten times the Keplerian
orbital period at the gravitational radius. We confirm that the system reaches a quasi-static
state during this period, allowing us to analyze the steadily evaporating disk.
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▶ Figure. 3.1

The time-averaged snapshot of the simulation with D = 10−2. The average is taken from
840 to 8400 years. The color map of the left-hand side shows the gas temperature structure,
Tgas. The color variation from purple to red corresponds to the temperature from 10 to
104 K. The gas is heated to more than 1000 K in the high-latitude region. The contour lines
represent the location with temperatures of 100, 300, 1000, and 3000 K. The color map on
the right-hand side shows the gas density structure, ρ. The color variation from black to
red corresponds to the density from 10−20 to 10−10 g cm−3. The white line represents the
base of the photoevaporative gas flows, which is set to the location which corresponds to
NH2 = 1020 cm−2. The streamlines represent the poloidal velocity of the gas, vp =

√
v2

r + v2
θ .

The color of the streamlines shows the velocity ranging from 0 to 30 km s−1. The streamline
with a velocity lower than 0.1 km s−1 is omitted for clarity. The streamlines originate from
the disk surface and extend to the outer region. The primary gas component varies from
H+ to H2 as the latitude decreases.

The computational domain is set to [0.1rg, 20rg], corresponding to a radial range of
[0.9 au, 176 au]. This domain captures both the inner and the outer regions of the disk.

3.3 Results

We present the simulation results with various dust-to-gas mass ratios to understand how
the photoevaporation process changes in a dust-deficient environment. First, we discuss the
results of the fiducial case with D = 10−2. Later, we show the results of photoevaporation
simulations with a lower dust-to-gas mass ratio.

3.3.1 Mass-Loss Rate from Photoevaporation

Figure 3.1 shows the time-averaged gas distribution and the temperature structure of the
evaporating disk. The average is taken from 840 to 8400 years. We do not include the first
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840 years because the abrupt initiation of the calculation causes fluctuations in temperature
and gas density. The HII region is formed near the star and at a high latitude. In that region,
EUV photons are the primary heating source via hydrogen ionization. The temperature
reaches ∼ 3000 K by the balance between EUV heating and adiabatic cooling.

The photodissociation region (PDR) is formed next to the HII region. The dominant
heating process in this region is the photoelectric effect on the dust grains and H2 pumping.
Gas heating by H2 pumping is especially effective on the photodissociation front, where the
transition from the molecular to the atomic state occurs.

The molecular region lies next to the PDR with a higher polar angle. The gas velocity
profile shows that the base of the photoevaporative flows is located in this molecular
region. The position of the base corresponds to the place where the column density of
the hydrogen molecule reaches NH2 = 1020 cm−2. The temperature is ∼ 300 K at the base,
and determined by the balance between photoelectric effect by FUV photons and molecular
line cooling of H2. The dominant heating process is the photoelectric effect of dust grains
by FUV radiation. O I cooling also contributes to gas cooling in the lower polar angle side.

We calculate the mass-loss rate due to photoevaporation by counting the amount of
mass going through a spherical surface set at r = 100 au, given by

Ṁpe =
∫

S,η>0
ρv · dS, (3.20)

where dS denotes a unit area at r = 100 au. The boundary is set at r = 100 au to avoid
reflection at the edge of the calculation domain. In the equation, η expresses the Bernoulli
function, given by

η = 1
2v2

p + 1
2v2

ϕ + γ

γ − 1c2
s − GM∗

r
, (3.21)

where γ denotes the specific heat ratio, which is set to 1.0 in our calculation. The poloidal
velocity, vp =

√
v2

r + v2
θ , is used in the equation. The gas with η > 0 is only counted as the

gas leaving the system because it has sufficient energy to escape the gravitational potential
of the central star. Setting this condition enables the exclusion of the gas with a subsonic
velocity that does not leave the system.

The mass-loss rate is calculated over time. The time-averaged mass-loss rate is

Ṁ = 2.7 × 10−9 M⊙ yr−1. (3.22)

The mass-loss rate fluctuates greatly during the calculation, ranging from −13% to +10%
compared to the average value. The fluctuation is caused by reflection at the outer boundary
of the computational domain.

The mass-loss rate is consistent with the previous calculations by Komaki et al. [2021],
which did not include H2 pumping in the calculation. The comparison suggests that the
heating and cooling process at the base is essential and that the temperature structure
above the disk has a limited impact on the overall mass-loss rate by photoevaporation.
The comparison suggests that the mass-loss rate is primarily determined by dynamical
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structure at the base while the whole disk temperature structure is determined by local
thermo-chemical reactions.

3.3.2 Photoevaporation in Dust-Deficient Disks

The photoelectric effect of dust grains caused by FUV radiation contributes to gas heating
and plays a crucial role in launching photoevaporative flows. The efficiency of this heating
process depends mainly on the dust-to-gas mass ratio, D, and the incident FUV flux. We
have already investigated the dependence of photoevaporation on FUV luminosity [Komaki,
2022]. In this section, we focus on the impact of the dust-to-gas mass ratio, D.

Dust grains evolve differently from the gas component; in principle, D also changes
over time and by place. We perform a series of photoevaporation simulations varying the
dust-to-gas mass ratio in the wide range of 10−6–10−1 to assess the impact of reduced
D on photoevaporation. For simplicity, we assume that a disk has a constant value of D
throughout the disk. We discuss the impact of local dust evolution on photoevaporation
and the overall disk dispersal in Chapter 5.

The heating rate of the photoelectric effect increases proportionally with D, as expected
from its definition (see Eq. 3.9). As D decreases, the heating rate of the photoelectric effect
reduces, while those from H2 pumping and X-ray photons remain unchanged. In the case
of D = 10−3, the heating rates of the photoelectric effect, H2 pumping, and X-ray photons
become comparable. H2 pumping is the primary heating process among these three in the
inner region of r ≤ 5 au. X-ray photons become the dominant heating source in the outer
region, where H2* deposits energy via spontaneous de-excitation and does not contribute
to gas heating.

O I cooling remains to be the dominant cooling mechanism at the base in the cases with
low dust-to-gas ratios because the gas-phase metallicity is unchanged while the dust-to-gas
mass ratio decreases.

Figure 3.2 shows the density and temperature structure of an evaporating disk in the
case of D = 10−4. In the case of D ≤ 10−4, the photoelectric effect of the dust grains is
ineffective because of the low abundance of the dust grains. Instead, H2 pumping and
X-ray heating are the dominant processes at the base. The heating by H2 pumping is
efficient because of collisional de-excitation in the inner region, and X-ray photons are
the dominant heating source in the outer region. The temperature is lower by a factor
of 2 compared to the fiducial case in the molecular region, where photoelectric heating
is efficient. Consequently, the gas in the whole molecular region shows η ≤ 0, which
means that the gas does not have sufficient energy to leave the system and shows η ≤ 0.
The low temperature also leads to a low gas scale height in dust-deficient cases, and the
gas is concentrated on the disk midplane. The change in temperature structure alters the
dynamics of photoevaporative flows. The streamlines of photoevaporative flows mainly
originate from the inner region.

The position of the base is located to the place that corresponds to NH2 = 1019 cm−2,
which is one magnitude lower than the fiducial value because the gas is concentrated on
the disk midplane, and the gas density is low in the upper region.
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▶ Figure. 3.2

The time-averaged snapshot of the simulation with D = 10−4. This figure is interpreted the
same as Figure 3.1. The average is taken from 840 to 8400 years. The left panel shows
the gas temperature structure, Tgas. The color variation from purple to red corresponds
to the temperature from 10 to 104 K. The right panel shows the gas density structure and
the poloidal velocity. The color variation from black to red corresponds to the density from
10−20 to 10−10 g cm−3. The white line represents the base of the photoevaporative gas
flows, which is set to the location which corresponds to NH2 = 1019 cm−2. The color of
the streamlines shows the velocity ranging from 0 to 30 km s−1. The streamlines mainly
originate from the innermost region. Some streamlines com back to the disk because they
do not have sufficient energy to leave the system. This explanation is supported by the fact
that the region with η < 0 is more extended. The dissociation front is positioned on the
disk surface in the inner region with r < 10rg, so no distinct heated region appears in the
upper layer, unlike the case with D = 10−2.
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In the case of D = 10−1, the heating rate of the photoelectric effect is enhanced.
This results in a more flared disk geometry, with higher temperatures and an optically
thick upper layer. The distribution of the velocity streamlines shows that the base of the
photoevaporative flows is located at NH2 = 1019 cm−2.

Figure 3.3 shows the time-averaged mass-loss rates. The mass-loss rate becomes the
highest at D = 10−2. The mass-loss rate in the range of 10−3 ≤ D ≤ 10−1 is fitted by a
function of dust-to-gas mass ratio as

Ṁpe = 6.4 × 10−0.23(log10 D)2−0.73(log10 D)−10 M⊙ yr−1. (3.23)

The fit enables us to assess the mass-loss rate of disks with various D. The mass-loss rates
for lower dust-to-gas mass ratios are excluded from the data used to derive the fit. We aim
to understand the relation between photoelectric heating and the dust-to-gas mass ratio.
Data from dust-deficient disks are omitted because the photoelectric effect does not heat
the gas in those cases. The mass-loss rate decreases in the case of D = 10−1 because the
gas density at the base is lower than in the fiducial case. The mass-loss rate also decreases
with the decreasing dust-to-gas mass ratio in the range of 10−5 ≤ D ≤ 10−3. Especially in
the case of D = 10−4, 10−5, the whole molecular region, including the outer boundary, is
η ≤ 0, which indicates that the gas does not have sufficient energy to leave the system. The
gas rarely has a sonic velocity, resulting in spurious gas reflection at the outer boundary.

The shaded region in Figure 3.3 the time variation in the mass-loss rate over time. In
the case of D = 10−6, the outer region of the base has η > 0. This is because the gas is
concentrated on the midplane and has higher vθ because of the pressure gradient at the
base. As a result, the mass-loss rate shows less time variation and is higher than in the
cases of D = 10−4 and D = 10−5.

Since the heating process of H2 pumping and X-ray photons do not depend on the
abundance of dust grains, the heating process and the resulting mass-loss rate are expected
to remain unchanged toward even more dust-deficient cases. The extremely dust-deficient
case like D = 10−6 is regarded as a disk dispersal in the early universe with zero metallicity.
The most significant difference is the gas-phase metallicity, which contributes to cooling in
the molecular region. Since the heating rate does not change, photoevaporation and the
resulting mass-loss rate can be approximated by the results of the D = 10−6 case.

The main difference between our dust-deficient case and low-metallicity case conducted
by Nakatani et al. [2018b] is the treatment of gas-phase metals. Nakatani et al. [2018b]
assume that the amount of gas-phase metals decreases proportionally with the reduction in
dust grains, whereas we assume that the gas-phase metal content remains constant even as
the dust-to-gas mass ratio in the disk changes. Our calculations show that O I line cooling
remains effective on the surfaces of dust-deficient disks, indicating that the temperature
structure is strongly influenced by the gas-phase metallicity. This effective cooling prevents
the mass-loss rate from increasing in cases with a dust-to-gas mass ratio reduced by a factor
of 10, in contrast to simulation with Z = 0.1 Z⊙, which results in a higher mass-loss rate
compared to the fiducial case.

Recent spectral observations indicate that the gas-phase metallicity measured by CO is
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▶ Figure. 3.3

The time-averaged mass-loss rate with each dust-to-gas mass ratio. The plots represent
the mass-loss rate calculated based on the simulations. We calculate the mass-loss rate as
the amount of gas going out of a spherical surface set at r = 100 au. The shaded region
represents the range of time variation. The variations in the cases of D = 10−4, 10−5 are
relatively large because of the spurious reflection at the outer edge of the computational
domain. The dotted line shows the fit for the mass-loss rates in the range of 10−3 ≤ D ≤
10−1, where the photoelectric effect is the most dominant heating process.
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often low, sometimes only 1–10% of the ISM value [Kama et al., 2016b, Miotello et al.,
2017]. The mechanism behind this reduced gas-phase metallicity remains unclear. Possible
explanations include rapid gas dispersal, condensation onto dust grains, or the formation
of complex molecules. Wölfer et al. [2019] conducted hydrodynamic simulations of
photoevaporation by varying the gas-phase carbon abundance to explore its impact under
different conditions. Their simulations incorporated EUV and X-ray photons as high-energy
radiation from the central star. Since atomic carbon contributes to X-ray attenuation, a
lower carbon abundance results in more efficient heating by X-ray photons. This study
highlighted the role of reduced gas-phase metals in enhancing X-ray photoevaporation. In
our calculations, FUV photons are the primary heating source for the disk gas, and thus it
is crucial to examine their effect on photoevaporation. CO is dissociated into two atoms
when exposed to FUV radiation. Consequently, a small amount of carbon and oxygen in
gas-phase is expected to increase the FUV flux at the disk surface, potentially leading to a
higher photoevaporation rate. Our results provide a lower limit for mass-loss rates driven
by photoevaporation.

3.3.3 Surface Mass-Loss Rates with Varying Dust-to-Gas Ratios

The photoevaporation rate is calculated by setting a spherical boundary at a specific radius
of r = 100 au. This allows us to determine the total mass lost from the system. The surface
mass-loss rate is more informative than the total mass-loss rate to understand the spatial
variation of the photoevaporation process.

We derive the surface mass-loss rate in the same manner from previous works [Owen
et al., 2010, Picogna et al., 2021]. There are several steps to follow to derive the surface
mass-loss profile. First, the cumulative mass-loss rate is calculated by varying the outer
boundary radius of the spherical domain. For instance, the cumulative mass-loss rate
at r = 100 au, as discussed in the previous section, represents the mass lost due to
photoevaporation within this radius. Since the mass-loss rate depends on the boundary
radius, it can be expressed as a function of the radius. The cumulative mass-loss rate is
given by:

Ṁcum(r) =
∫ r

rin
Ṁpe(r′)dr′. (3.24)

The surface mass-loss rate is calculated by taking the gradient of the cumulative mass-loss
rate and dividing it by the area of the ring at each radial position, given by

Σ̇pe =
∣∣∣∣− 1

2πr

d
dr

Ṁcum

∣∣∣∣ . (3.25)

To ensure the robustness of our method, we integrate the surface mass-loss rate across the
entire disk to reconstruct the total mass-loss rate. We confirm that the derived value differs
by no more than 10%. This demonstrates that the surface mass-loss rate obtained through
this method successfully represents the distribution of mass-loss due to photoevaporation.

Figure 3.4 shows the surface mass-loss rates for cases with D = 10−2, 10−4, and 10−6.
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▶ Figure. 3.4

The surface mass-loss rate in the cases of D = 10−2, 10−4, 10−6 calculated based on the
photoevaporation simulations. The line color corresponds to D = 10−2 (orange), D = 10−4

(green), and D = 10−6 (purple). In all the cases, a peak is observed at the innermost
part. This peak corresponds to the launching point of EUV-driven photoevaporative
flows. In the case of D = 10−2, a peak at ∼ 6rg corresponds to the launching point of
FUV-driven photoevaporative flows. In this scenario, the surface mass-loss rate sustains over
10−14 g cm−2 in the outer region and contributes to the high mass-loss rate. In contrast, the
surface mass-loss rate decreases toward the outer region in dust-deficient cases.
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All cases show a peak in the innermost region, corresponding to the launching point of
EUV-driven photoevaporative flows. In dust-deficient cases, the surface mass-loss rate
decreases with distance from the central star, following r−1.5, which is steeper than the
initial surface density distribution of Σ ∝ r−1. This steep decline indicates that the mass
loss is concentrated in the inner region.

A second peak in the surface mass-loss rate is observed for D = 10−4 at r = 6rg. Within
this radius, the gas in the molecular region has η < 0, preventing the gas from escaping the
system and leading to a low surface mass-loss rate.

In the extreme case of D = 10−6, the second peak appears at r = 0.8rg. To
explore in more detail which heating process contributes to launching photoevaporation
in dust-deficient cases, additional simulations are conducted. First, a simulation excluding
FUV and X-ray photons shows a mass-loss rate of 5.5 × 10−11 M⊙ yr−1, 25% lower than the
fiducial case. This result highlights the limited contribution of EUV photons because they
are absorbed near the star.

We perform a series of simulations varying the X-ray luminosity by 0.01, 0.1, and 10
times the fiducial luminosity, LX,f. Reducing X-ray luminosity does not significantly alter
the mass-loss rate, which remained at ∼ 6 × 10−10 M⊙ yr−1. In this scenario, H2 pumping
dominated heating throughout the base. When X-ray luminosity is increased by a factor
of 10, the mass-loss rate increases by a factor of 2.6. The increase in the mass-loss rate
suggests that H2 pumping and X-ray heating together drive photoevaporation, with the
balance between FUV and X-ray luminosities playing a critical role.

In the fiducial case, the surface mass-loss rate is almost constant at ∼ 3 ×
10−14 g s−1 cm−2 in the outer disk. This efficient mass-loss in the outer region is primarily
attributed to FUV-driven photoelectric heating. A secondary peak at ∼ 0.5rg corresponds to
the launching point of FUV-driven flows, consistent with the radius predicted analytically
by Font et al. [2004]. Since the mass loss at each location is proportional to Σ̇pe × 2πr2, the
contribution of photoelectric heating in the outer region significantly affects the total mass
loss rate.

Dust-deficient cases show notable differences in surface mass-loss rates. As the
dust-to-gas mass ratio evolves with time and position as a result of processes such as
dust growth, the impact of reduced small dust grains must be carefully considered,
especially in the outer disk. These results underscore the importance of dust in shaping
the photoevaporation process and its implications for disk dispersal. In Chapter 5, we
quantitatively examine the impact of changes in dust size and spatial distributions on
photoevaporation by conducting disk evolution simulations that consistently account for
both gas and dust, utilizing the surface mass-loss rates derived in this section.

3.3.4 Impact of Spectral Energy Distribution on Photoevaporation

In our calculation, H2* represents the vibrationally excited state of v = 6 within the
ground electronic state. We assume that H2* is primarily generated by de-excitation of
the electronically excited state. However, this is not the only pathway to form H2 in the
vibrationally excited state.
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H2 can be directly excited into the vibrational states of the ground electronic state by
radiation. While the excitation to electronic excited states requires sufficiently high-energy
photons with hν ≥ 11.2 eV, which are called Lyman-Werner photons, photons with lower
energy excite H2 directly into vibrationally excited states. The spectroscopic observations
of T Tauri stars have shown that emission lines, such as Lyman α and CIV bring H2 into
vibrationally excited states [Herczeg et al., 2002, 2004, 2006, Yang et al., 2011]. As H2*
de-excites, it produces an emission that alters the spectral energy distribution.

Our simulation does not include the direct excitation of H2 into vibrationally excited
states. If this process were incorporated, the abundance of H2* would likely increase,
enhancing the associated heating due to H2 pumping. In our results, the direct
dissociation of H2* by FUV photons is the primary de-excitation process near the base of
photoevaporative flows, particularly in the inner region (r ≤ 7rg), where H2 pumping
dominates the heating.

To assess the potential impact of enhanced H2* dissociation, we conduct an additional
photoevaporation simulation with a dissociation rate increased by a factor of 10 in the case
of D = 10−3. The fiducial dissociation rate of H2* is given by Eq. 3.16. X-ray heating
remained the dominant heating mechanism in the outer region despite this increase, and
the overall mass-loss rate showed no significant change. This result suggests that, while
direct excitation of H2 may increase the efficiency of H2 pumping, it does not substantially
alter the entire photoevaporation process.

We discuss the impact of the X-ray energy spectrum. The penetration depth and the
amount of energy deposited in the gas depend on the energy of each X-ray photon. Ercolano
et al. [2008] conducted simulations to examine how variations in the X-ray energy spectrum
affect photoevaporation. Soft X-ray photons with ≤ 1 keV are more easily absorbed and
contribute significantly to gas heating. In contrast, hard X-ray photons pass through the
disk with little interaction with the gas.

Figure 3.5 shows the spectral energy distribution of the X-ray radiation used in our
simulation. The X-ray spectrum in our model peaks around ∼ 1 keV. Although our
X-ray spectrum lacks photons with energy ∼ 0.1 keV, the spectrum used by Ercolano
et al. [2021] includes more than 105 erg s−1 cm−2 sr−1 at ∼ 0.1 keV. Sellek et al. [2024]
attributed this difference to the use of different observation telescopes, either ground-based
or space-based. This discrepancy highlights the challenge of accurately determining the
X-ray flux spectrum experienced by the disk gas.

Estimating the precise energy spectrum of X-rays reaching the disk is difficult because
X-rays are absorbed by gas along the line of sight and by the atmosphere of the Earth.
Furthermore, the spectrum emitted by the star is altered by absorption and re-emission
before it reaches the disk gas. Our X-ray spectrum may underestimate the contribution
of soft X-ray photons. This comparison underscores the importance of photoevaporation
simulations that account for the evolution of the spectrum from the star to the disk.

High-energy X-ray photons are emitted during magnetic reconnection events on the
stellar surface, known as X-ray flares. Washinoue et al. [2024] reconstructed the theoretical
X-ray spectrum of a flare with a total energy of ∼ 1035 erg. These flares significantly
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▶ Figure. 3.5

The spectral energy distribution of X-ray radiation we use in our simulation. The
distribution is based on observational data for TW Hya provided by Nomura et al. [2007].
The peak is ∼ 1 keV, but drops at the 0.1 keV end.
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contribute to the X-ray flux in the > 30 keV range. Considering that Ercolano et al. [2008]
demonstrated that X-ray photoevaporation is primarily driven by soft X-ray radiation,
X-ray flares are not expected to significantly contribute to mass-loss via photoevaporation.
However, as shown by Washinoue et al. [2024], hard X-ray photons can alter the ionization
profile above the disk.

3.4 Chapter Summary

Photoevaporation is critical in the dispersal process of a protoplanetary disk. This process
is driven by the heating of disk gas by high-energy photons, such as EUV, FUV, and X-ray
radiation emitted from the central star. The heated gas escapes from the gravitational
potential and results in mass loss of disk material. Recent studies using radiation
hydrodynamics simulations have provided a realistic understanding of the physical and
chemical structure of evaporating disks.

Theoretical studies with radiation hydrodynamics highlight that FUV photons are the
dominant heating source via the photoelectric effect on dust grains. The efficiency of
photoevaporation depends on two critical parameters: FUV luminosity and the dust-to-gas
mass ratio. Observations suggest that both properties evolve within the typical disk lifetime.
We used two-dimensional radiation hydrodynamic simulations to explore the relationship
between FUV luminosity and photoevaporation rates [Komaki, 2022]. Investigating the
dependence on dust amount is essential to obtain the whole picture of photoevaporation.

We conducted radiation hydrodynamics simulations across a wide range of D values
(10−6–10−1) to investigate photoevaporation during the later stages of disk evolution
when small dust grains are depleted. The dominant heating process changes because the
photoelectric effect of dust grains is not efficient in dust-deficient cases with D < 10−3. In
such cases, H2 pumping and X-ray heating contribute dominantly to gas heating and drive
photoevaporative flows.

This change also leads to notable differences in disk morphology. Dust-deficient disks
are less effectively heated than the disk with D = 10−2. As a result, the disk has a vertically
thin compressed gas structure in the case of D = 10−6. By deriving the surface mass-loss
rate, we analyzed the spatial distribution of disk mass loss. In case with D = 10−2, mass-loss
rate is highest, driven by efficient photoelectric heating and significant mass loss from the
outer region.

Photoevaporation simulations with a wide range of D clarifies the dependence of
photoevaporation on dust abundance, highlighting the role of small dust grains in disk
evolution. We also suggest that the result of the extremely low D case with D ≤ 10−6 offers
insight into disk dispersal in zero-metallicity environments.
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4

Long-Term Evolution of Protoplanetary
Disks

Figures

4.1 Overview of Disk Dispersal Processes

Infrared observations have shown that a protoplanetary disk disperses within several million
years. Since a protoplanetary disk is the birthplace of planets, disk evolution is an essential
process that determines when and where planets form.

Theoretical research has proposed some disk dispersal processes: accretion,
magnetohydrodynamic (MHD) winds, and photoevaporation. Previous researches have
focused more on understanding the individual process and its impact on disk dispersal.
However, these processes work in combination in the context of actual disk dispersal.
Therefore, a calculation that incorporates all these processes at the same time is necessary.
We perform a one-dimensional long-term disk evolution simulation, including accretion,
MHD winds, photoevaporation, and stellar evolution. In this chapter, we discuss which
process dominates mass loss and how the density distribution changes over time.

4.2 Methods

We conduct one-dimensional long-term disk evolution simulations incorporating accretion,
magnetohydrodynamic (MHD) winds, photoevaporation, and stellar evolution. Recent
observations suggest that class 0 and class I disks contain enough solid mass to form the
observed exoplanets [Tychoniec et al., 2020]. Dust coagulation has been confirmed to start
during the class 0 stage. These findings indicate that planet formation begins in the early
stages of disk evolution. To explore this, we model disk evolution from its initial phase to
the end of disk dispersal. This approach helps us to understand the realistic progression of
disks.
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Our simulations explore a wide range of stellar masses, spanning from 0.1 M⊙ to 7 M⊙,
to understand the diversity of disk evolution related to stellar mass. We assume that the
disk exhibits axisymmetry around the z-axis and employed cylindrical coordinates (r, z) for
the calculations. We solve the equation about the evolution of the surface density, Σ.

The following sections provide further details about the calculation setup, initial
conditions, and numerical methods.

4.2.1 Governing Equations

We solve the evolution of gas surface density, Σ, over time using the following governing
equation:

∂Σ
∂t

+ 1
r

∂

∂r
(rΣvr) + Σ̇w + Σ̇pe = 0, (4.1)

where Σ̇w and Σ̇pe denote the surface mass-loss rates due to magnetohydrodynamic (MHD)
winds and photoevaporation, respectively. The derivations of these surface mass-loss rates
are presented in Chapter 4.2.2 and Chapter 4.2.4. In this equation, vr represents the radial
velocity of the gas.

Radial velocity, vr, is determined by viscous accretion and loss of angular momentum
caused by MHD winds. It is expressed as:

rΣvr = − 2
rΩK

[
∂

∂r

(
r2Σαrϕc2

s

)
+ r2αϕz

(
ρc2

s

)
mid

]
, (4.2)

where ΩK is the Keplerian angular velocity, and cs is the sound speed. The derivation of this
equation is given in Appendix C.

In the equation,
(
ρc2

s
)

mid, represents the value at the middle of the plane of the gas
pressure. It is rewritten under the assumption of hydrostatic equilibrium along the z-axis
with the disk scale height H as: (

ρc2
s

)
mid

= ΣΩK√
2π

. (4.3)

In the equation, αrϕ and αϕz are the mass-averaged viscous parameter and the wind torque,
respectively. The calculation of αϕz, which quantifies the angular momentum transport by
MHD winds will be detailed in the next section.

The viscous parameter, αrϕ, is estimated based on accretion rates obtained by
observations. Observations toward star-forming regions indicate that accretion rates
increase with stellar mass [Muzerolle et al., 2003, Calvet et al., 2004, Muzerolle et al.,
2005, Hartmann et al., 2006]. The relation is approximately fitted by

Ṁacc ∝ M2
∗ (4.4)

Setting αrϕ ∝ M∗ reproduces the observed relation. Observations of accreting disks reveal
that accretion rates vary significantly by a factor of 102 within stars of the same stellar
masses, and the resulting viscous parameter varies in the range of 10−4–10−2.
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4.2.2 Magnetohydrodynamic (MHD) Winds

The equation of disk evolution is derived from the Euler equation with magnetic fields. The
mass-loss profile of MHD winds is given by

Σ̇w = Cw(ρcs)mid, (4.5)

where Cw represents the dimensionless mass-loss rate by MHD winds and is derived in
Appendix C. There are two models to describe Cw: ‘strong wind case’ and ‘weak wind
case.’ In the strong wind case, all the energy liberated by accretion is transferred to drive
MHD winds. In weak wind cases, part of the energy released by gravitational accretion
and viscous heating drives the MHD winds, while the rest is radiated from the disk. In this
model, we define ϵrad as the ratio used for radiation. We employ the weak wind case for our
fiducial model because it aligns closer with observations in previous research Weder et al.
[2023]. In this case, Cw and Frad, the energy lost by radiation are given by

Cw = (1 − ϵrad)
[

2
rΩK

αϕzcs + 3
√

2π
αrϕc2

s
r2Ω2

K

]

Frad = ϵrad

[ 1√
2π

rΩ2
KΣαϕzcs + 3

2ΣΩKαrϕc2
s

]
.

Both in accretion and MHD winds, αRϕ is an important parameter to determine the
mass-loss rates in both processes. Bai and Stone [2013a] conducted MHD simulations and
the local αRϕ is approximated as

αϕz = αϕz,ini

( Σ
Σini

)−0.66
, (4.6)

where αϕz,ini and Σini represent the wind torque and surface density at the initial state. In
this scenario, the vertical magnetic flux is assumed to be constant throughout the evolution.
It is unlikely that magnetic fields remain unchanged as the gas disperses. Some magnetic
fields leave the disk along with the gas. To account for this, we set an upper limit for αϕz at
1. The initial wind torque is set to αϕz,ini = 10−5 based on Bai and Stone [2013a].

4.2.3 Temperature

The gas temperature, Tgas, is a crucial factor that determines the overall evolution of the
protoplanetary disk. In our calculations, we simultaneously solve for the vertically averaged
gas temperature and the surface density, Σ. The total gas temperature is expressed as a
combination of two primary heating mechanisms: stellar irradiation and viscous heating.
The relationship is given by:

T 4
gas = T 4

irr + T 4
vis, (4.7)

where Tirr is the temperature due to stellar irradiation, and Tvis is the temperature resulting
from viscous heating.
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We assume that the gas is well mixed with dust grains, meaning that the gas temperature
reaches equilibrium with the dust temperature. The dust temperature, which does not
depend on the particle size inside disks, is calculated as:

Tirr = 280 K
(

L∗
L⊙

)1/4 ( r

1 au

)−1/2
, (4.8)

where L∗ represents the stellar bolometric luminosity. In the simulations, the stellar L∗ is
updated as the star evolves.

Viscous heating is a process in which a part of the energy liberated by accretion is
transferred to thermal energy. The viscous temperature, Tvis, is determined from the vertical
radiative transfer equation as:

2σSBT 4
vis =

(3
8τR + 1

2τP

)
Frad, (4.9)

where σSB is the Stefan-Boltzmann constant, τR is the Rosseland mean optical depth, τP is
the Planck mean optical depth, and Frad is the radiative flux from the disk surface.

The efficiency of viscous heating depends on the amount of energy transported vertically
through the disk. We consider the vertical energy transfer through the disk to calculate
the viscous temperature. In dense regions, the temperature increases as the optical depth
increases. The temperature decreases in low-density regions because less energy is stored
inside the disk.

The Rosseland mean optical depth, τR, is the product of the dust opacity, κR, and the
surface density. The dust opacity depends on the local temperature and the composition of
the dust grains. Following Hueso and Guillot [2005], who assumed dust grains consist of
silicates and water ice [Pollack et al., 1985], the dust opacity is given as:

κR =


4.5
(

Tgas
150 K

)2
cm2 g−1 (Tgas < 150 K)

4.5 cm2 g−1 (150 K ≤ Tgas ≤ 1500 K)
0 cm2 g−1 (Tgas > 1500 K)

, (4.10)

where Tgas = 150 K corresponds to the sublimation temperature of the water ice. In our
calculation, to avoid abrupt changes that could cause numerical instabilities, we fit this
behavior with a smooth function:

κR = 2.25 cm2 g−1
[
1 − tanh

(
Tgas − 1500 K

150 K

)]
× min

[
1,

(
Tgas

150 K

)2
]

. (4.11)

This smooth function reproduces the critical features of the temperature dependence while
maintaining numerical stability.

At low temperatures, the Planck mean optical depth, τP, scales proportionally to the
Rosseland mean optical depth, as τP = 2.4τR [Nakamoto and Nakagawa, 1994]. However,
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τP converges to a lower limit of 0.5 for optically thin regions. Thus, we define τP as:

τP = max(τP, 0.5) (4.12)

The dependence of τR and τP on Tvis makes the equation for viscous heating implicit.
To solve this equation, we use the robust midpoint method, which ensures convergence for
dense and sparse disk regions.

By combining Tirr and Tvis, our calculation provides a vertically averaged gas
temperature, Tgas, that accurately reflects the thermal structure of the disk throughout its
evolution.

4.2.4 Mass-Loss Profiles from Photoevaporation

We incorporated a one-dimensional surface mass-loss profile into the disk evolution
calculation. This profile is obtained by fitting the results of two-dimensional
photoevaporation simulations that solve radiative transfer, hydrodynamics, and
non-equilibrium thermochemistry. These simulations include heating by FUV, EUV, and
X-ray photons. This work represents the first simulation to integrate the effects of all
these photons into a disk evolution model. The surface mass-loss profile is fitted using
a combination of a quadratic function and a power-law function with a negative exponent
to accurately capture the surface mass-loss rate characteristics (see Figure 4.7).

Previous simulations of photoevaporation have confirmed that the mass-loss rate due
to photoevaporation is mainly independent of the disk mass [Wölfer et al., 2019, Nakatani
et al., 2021]. Simulations varying the initial disk mass within a range of 10−1–10−3M∗
demonstrated that neither the total mass-loss rate nor the surface mass-loss profile are
significantly affected by the disk mass. This is because photoevaporation is driven by gas
heating on the disk surface, while most of the disk mass is concentrated near the midplane.
The density of the midplane has little impact on the thermo-chemical processes occurring
on the surface.

As discussed in Chapter 3, photons of different energy ranges contribute to gas heating
in distinct ways. Gorti and Hollenbach [2009] first suggested that FUV photons could
effectively heat gas via the photoelectric effect on dust grains, even though they do not
ionize hydrogen atoms. Recent radiation hydrodynamic simulations that included FUV,
EUV, and X-ray photons showed that the photoelectric effect of dust grains by FUV photons
is the dominant heating process on the disk surface and plays a vital role in launching
photoevaporative flows as long as the dust-to-gas mass ratio is larger than 10−3 [Wang
and Goodman, 2017, Nakatani et al., 2018b, Komaki et al., 2021] (see also Komaki et al.
[2024]).

We performed hydrodynamic simulations of photoevaporation with FUV, EUV, and
X-ray photons varying the stellar mass in a wide range of 0.5–7 M⊙ in a master thesis
(see Komaki [2022]). Our results showed that the photoelectric effect on dust grains
by FUV photons dominates the heating process for all types of stars. We performed a
series of photoevaporation simulations varying the FUV luminosity to better understand
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the role of FUV luminosity in launching photoevaporative flows. We derived a relationship
between the mass-loss rate and the FUV luminosity, given by Ṁpe ∝ L0.55

FUV by performing
photoevaporation simulations varying the FUV luminosity over two magnitudes Komaki
[2022]. This result highlights the importance of FUV luminosity in photoevaporation.

In our calculation, the FUV luminosity is calculated at each step of the simulation, while
the EUV and X-ray luminosities are assumed to be constant throughout the simulation. The
following section will provide a detailed method for estimating the FUV luminosity at each
step.

We adopt the surface mass-loss rate of photoevaporation from radiation hydrodynamic
simulations, assuming a spatially constant dust-to-gas mass ratio of D = 10−2 throughout
the simulation. In this callculation, photoevaporation varies with FUV luminosity evolution.

4.2.5 Stellar Evolution and Luminosity Variation

It takes millions of years for protoplanetary disks to disperse. The central star undergoes
significant evolution, transitioning from a protostar to a pre-main-sequence star and
eventually to a main-sequence star. As seen in the Hertzsprung-Russell (HR) diagram
(Figure 2.1), stars exhibit drastic changes in luminosity and effective temperature. We
used the stellar evolution code MESA [Paxton et al., 2011] to incorporate the effects of
stellar evolution on disk evolution. We performed stellar evolution calculations for stars
with various masses in the range of 0.1–7 M⊙.

FUV photons heat gas through the photoelectric effect on dust grains. To model realistic
photoevaporation and disk dispersal, we update the FUV luminosity at each time step.
In our calculation, we incorporate three major components to estimate the total FUV
luminosity: accretion, chromospheric activity, and photospheric emission, expressed as:

LFUV = Lacc + Lchr + Lph, (4.13)

where Lacc, Lchr, and Lph represent the FUV luminosities from accretion, the chromosphere,
and the photosphere, respectively. We calculate the luminosity of each component at each
time step to consistently incorporate FUV luminosity evolution.

The accretion-origin FUV luminosity, Lacc, is updated dynamically at each time step.
Observations of pre-main-sequence stars indicate that approximately 4% of the total energy
released during accretion is emitted as FUV photons. The accretion rate is calculated at the
computational inner radius, r = 0.01 au, using:

Ṁacc = −2πrvrΣ, (4.14)

where vr is the radial velocity and Σ is the surface density. This method allows us to
incorporate the gradual decrease in accretion-origin FUV luminosity over several million
years.

The photospheric FUV luminosity, Lph, is calculated with the method proposed by
Kunitomo et al. [2021]. Emission from the stellar photosphere is expressed with thermal
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M∗ [ M⊙] 0.1 0.3 0.5 0.7 1.0 1.7 2.0 3.0 5.0 7.0
Lbol [ L⊙] 0.06 0.26 0.93 1.72 2.34 5.0 6.4 14.9 554.5 1687

log LFUV [ erg s−1] 30.7 30.8 30.9 31.3 31.7 32.3 32.4 32.3 36.0 36.5
log LEUV [ s−1] 39.7 39.9 40.1 40.5 40.7 41.0 41.0 39.0 40.0 44.1

log LX-ray [ erg s−1] 29.2 29.9 30.3 30.5 30.4 31.1 27.9 28.7 29.3 33.1

▶ Table. 4.1 The list of stellar mass, disk mass, disk radius, and luminosities we used for
the simulations. FUV and X-ray luminosities are given in the unit of energy luminosity and
EUV luminosity is given in the unit of photon flux.

black-body radiation. However, the spectrum is not pure black-body radiation because of
the absorption and emission lines. Husser et al. [2013] developed a stellar spectrum model
that incorporates more than 90 chemical species, varying parameters such as surface gravity,
metallicity, and effective temperature.

For simplicity, we assumed solar metallicity and constant surface gravity throughout the
disk dispersal. The fraction of energy emitted as FUV photons depends strongly on the
stellar effective temperature. Higher-mass stars emit a larger fraction of their energy as
high-energy photons because of their higher effective temperatures. To capture this trend,
we derived the ratio γ = Lph/Lbol as a function of effective temperature and updated Lph
at each time step using:

Lph = γ(Teff)Lbol, (4.15)

where Lbol is the bolometric luminosity and Teff is the effective temperature.
The chromospheric FUV luminosity, Lchr, also evolves over time. Observations of T

Tauri stars have shown that Lchr is proportional to the bolometric luminosity, following the
relation:

Lchr = 10−3.3Lbol, (4.16)

as suggested by Valenti et al. [2003]. The bolometric luminosity, Lbol, decreases along the
Hayashi track and gradually increases during the Henyey track and the main sequence.

The total FUV luminosity is calculated at each time step by summing the contributions
from all three components. To isolate the effects of stellar evolution on disk evolution,
we also performed photoevaporation simulations in which the stellar luminosities of FUV,
EUV, and X-ray photons are assumed to remain constant throughout the disk lifetime. This
approach allows us to clarify the role of evolving stellar parameters. The list of stellar
parameters, including Lbol, Teff, and the corresponding evolution paths, is provided in
Table 4.1.

4.2.6 Simulation Setup

In our model, we assume an initial surface density distribution introduced by Hayashi
[1981], expressed as:

Σ = Σ1 au

(
r

1 au

)−3/2
exp

{(
− r

rcut

)}
, (4.17)
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where Σ1 au is the surface density at r = 1 au. In the equation, rcut represents the cutoff
radius that characterizes the disk size. There are various contradicting observation results
on disk radius. Some infrared observations have shown that the disk radii scale with stellar
mass. Based on this, we assume rcut = 30 au(M∗/1 M⊙).

The surface density is normalized by Σ1 au ∼ 1.7 × 103 g cm−2 according to the model
by Hayashi [1981]. In the solar-mass case, this corresponds to a disk mass of Mdisk =
0.0117 M⊙ with rcut = 30 au. Observations of T Tauri stars suggest that the disk mass
scales proportionally to the stellar mass [Ansdell et al., 2016, Andrews, 2020]. However,
there is significant variation in the disk masses even with the same stellar mass [Andrews
and Williams, 2005, Ruíz-Rodríguez et al., 2018], spanning a few magnitudes of 10−2 ≤
Mdisk/M∗ ≤ 10−4. It is important to note that these observations primarily target Class II
stars. The disk mass of Mdisk = 0.0117 M⊙ represents the higher end of the observed range.
To investigate disk evolution from the early stages, we assume an initial disk mass as the
higher-end value, Mdisk = 0.0117(M∗/1 M⊙) so that it is consistent with rcut.

The calculation continues until either the disk mass decreases below Mdisk < 10−10 M⊙
or the disk age reaches 100 Myr. The mass-loss rate decreases slightly throughout the disk
dispersal. We confirmed that the results are not sensitive to the specific mass threshold.
The termination time for the calculation remains consistent even when the threshold is
increased to < 10−5 M⊙.

The dust dispersal timescale inferred from observations is typically the observable
timescale of near infrared emission of dust grains. To compare our results with observations,
we follow the method proposed by Kimura et al. [2016] to derive the near-infrared dust
dispersal timescale for each simulation. In their model dust grains are observable when they
have sufficient surface density and temperature. The observability criteria for wavelengths
of 2–3 µm are defined as Σdust ≥ 10−1 g cm−2 and Tgas ≥ 300 K. The absorption coefficient is
approximately 10 cm2 g−1 for small dust grains with sizes ≤ 10 µm. The critical dust surface
density is set to make the local optical depth equal to unity. The evolution of the gas surface
density is calculated in the simulations. The dust-to-gas mass ratio is used to estimate the
dust surface density from the gas surface density. We only need this ratio at the end, when
most of the gas disperses. Gorti et al. [2009] performed disk evolution simulations with
limited disk dispersal processes and a simplified dust evolution model. They found that the
dust-to-gas mass ratio at 1.5 Myr is approximately 0.03 at r = 30 au, which matches the
typical survival radius of the gas disk in our simulations. We adopt 0.03 as the dust-to-gas
mass ratio in the final stage of disk dispersal and assume that it is constant throughout the
disk for simplicity.

4.3 Results

We conducted one-dimensional long-term simulations of protoplanetary disk evolution,
incorporating accretion, magnetohydrodynamic (MHD) winds, photoevaporation, and
stellar evolution in a consistent manner. First, we focus on the case of a star with
M∗ = 1 M⊙, analyzing the processes that drive disk dispersal and how they contribute
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▶ Figure. 4.1

Snapshots of the surface density for the case of M∗ = 1 M⊙ are shown at ages of 0, 0.01, 0.1,
1, 3, 5, and 8 Myr. The line color variations from navy to yellow represent the disk evolution
over time. The disk loses mass primarily through accretion and MHD winds in the inner
region. Photoevaporation is the dominant disk dispersal process in the outer region and
contribute to decrease the disk radius. In the innermost region, the decrease in surface
density is limited because of the upper limit on αϕz.

over time. We examine the differences between various disk dispersal models and their
implications for the overall evolution. To investigate the role of stellar mass, we performed
a series of simulations across a wide range of stellar masses, from 0.1 M⊙ to 7 M⊙. This
allowed us to examine the dependence of dispersal processes and disk evolution on stellar
mass.

Finally, we discuss the effects of stellar evolution on disk dispersal, highlighting how
variation in stellar luminosity and radiation over time influence the disk lifetime and
structure.

4.3.1 Long-Term Evolution of Protoplanetary Disks

First, we will discuss the calculation result in the case of M∗ = 1 M⊙ and later in the case of
M∗ = 3 M⊙. We employ the ‘weak wind case’ of ϵrad = 0.9, and weak viscosity of αrϕ = 10−4

as a fiducial parameter. Recent observations suggest that disks have longer lifetimes than
previous observations, so we choose these parameters aiming to reproduce the observed
dust dispersal timescales.

Figure 4.1 shows a snapshot of the surface density at 0, 0.01, 0.1, 1, 3, 5, 8 Myr, and
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▶ Figure. 4.2

The snapshots of gas density and surface density in linear scale in the case of M∗ = 1 M⊙
at the age of 0, 1, 4, 7 Myr. The color map shows the gas density distribution. The color
variation from purple to red corresponds to the local gas density from 10−20 to 10−10 g cm−3.
The black line represents the surface density. The equations solve the evolution of surface
density. The local gas density is derived by assuming hydrostatic equilibrium at each radius.
This shows the more realistic picture obtained by observations.
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Figure 4.2 shows a two-dimensional gas density distribution. The gas density distribution
in (r, z) coordinates is derived by assuming hydrostatic equilibrium and is calculated as:

ρ(r, z) = ΣΩK√
2πcs

exp
(

− z2

2H2

)
. (4.18)

The scale height, H is determined based on the local temperature obtained in the
simulation.

Accretion and MHD winds disperse gas in the vicinity of the star, while photoevaporation
is a dominant disk dispersal process in the outer region. Due to the upper limit of αϕz, the
mass-loss rate of MHD winds has a limitation in the vicinity of the star after the age of
∼ 5 Myr, leading to a decrease in the total mass-loss rate near the central star. The vertical
magnetic flux is assumed to be constant throughout the calculation. The winds remove the
magnetic lines, and an upper limit of 1 is set for αϕz to prevent the magnetic field-to-gas
density ratio from becoming unrealistically high. Additional simulations confirm that both
the dust dispersal timescale and gas dissipation timescale do not vary by varying the upper
limit of αϕz by 0.1 and 10 times.

Figure 4.2 shows the evolution of the disk gas density on a linear scale, which is more
similar to what is observed. The disk radius decreases over time, and it looks like it is
dispersing in the outside-in manner.

We determine the mass-loss rates for each process to identify the dominant process
during disk evolution. The accretion rate to the central star is calculated by counting the
amount of mass going into a specific radius and given by

Ṁacc = −2π(rvrΣ), (4.19)

The radius is set to the computational inner radius of rin = 0.01 au. The mass-loss rates of
MHD winds and photoevaporation are given by

Ṁw =
∫ r′

out

rin

Σ̇w dr

Ṁpe =
∫ r′

out

rin

Σ̇pe dr.

(4.20)

In the equations, rout represents the disk radius, which is set to the location that the gas
surface density becomes below Σ < 10−2 g cm−2.

Figure 4.3 shows the time evolution of the mass-loss rate of each process. Accretion
is the dominant mass-loss process within the first 1.5 Myr even with the low viscous
parameter of αrϕ = 10−4. After that, photoevaporation becomes the primary driver of
mass loss. The contributions to the time-integrated mass loss of accretion, MHD winds,
and photoevaporation are 47.7%, 21.9%, and 30.3%, respectively. As seen in Figure 4.3,
the mass-loss rates of all the processes decrease over time. Both the accretion rate and
the mass-loss profile by MHD winds are proportional to the gas surface density, Σ. The
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▶ Figure. 4.3

The mass-loss rates for each disk dispersal process: accretion (blue), MHD winds (orange),
photoevaporation (green), and their total (red). Accretion is the primary dispersal
process during the first few 1.5 Myr but eventually overtaken by photoevaporation. Both
the mass-loss rates by accretion and MHD winds decrease over time because they are
proportional to the surface density. Photoevaporation rate also decreases because of the
truncation of the disk and the gradual decrease in FUV luminosity.
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dependence on the gas surface density leads to a decrease in mass-loss rates over time as
the disk dispersal proceeds.

The mass-loss rate of photoevaporation also slightly decreases over time for two reasons.
First, the disk radius decreases because of the effective mass loss by photoevaporation.
Since photoevaporation driven by FUV photons is efficient in the outer region, the decrease
in disk radius leads to a low photoevaporation rate. Secondly, the FUV luminosity of
chromospheric origin, which is the most dominant component of the total FUV luminosity,
decreases as the star evolves on the Hayashi track. The total FUV luminosity decreases by
50% from 1 Myr to 2.5 Myr. Since the photoevaporation mass loss rate follows Ṁpe ∝ L0.55

FUV
[Komaki et al., 2021], the photoevaporation rate decreases by ∼ 30% during this period.

Our goal is to understand the observed dust dispersal timescale, which corresponds to
how long dust grains remain detectable. This allows a direct comparison with observations.
However, since gas constitutes the majority of the disk and determines its evolution, we
also estimate the disk gas dissipation timescale.

The disk mass decreases over time. The decrease in disk mass is fitted by a vertical
sigmoid function given by

log10 Mdisk = a log
(1 − x

x

)
+ d

x = (t/1 Myr) − b

c
,

(4.21)

where a, b, c, d are fitting parameters. We obtain the gas dissipation timescale by b+ c based
on fit to the one-dimensional calculation. The gas dissipation timescale is 8.4 Myr, longer
than the dust dispersal timescale of 3.6 Myr. The difference in timescales is attributed to
the fact that the gas dissipation timescale corresponds to the timescale in which all of the
disk gas completely disperses, while the dust dispersal timescale corresponds to when the
surface density becomes lower than a specific density. The comparison implies a limitation
in understanding disk evolution solely through observations of dust grains.

The disk observable criterion is defined when any region in the disk satisfies Σdust ≥
10−1, g, cm−2 and Tgas ≥ 300, K. The criterion is sensitive to the dust surface density, which
is calculated by multiplying the assumed dust-to-gas mass ratio by the gas surface density.
We discuss the impact of the assumed dust-to-gas mass ratio in Chapter 4.5.

We now closely study the calculation result in a M∗ = 3 M⊙ case. In this scenario, stellar
evolution brings about a significant change to disk evolution.

Figure 4.4 shows the mass-loss rate of each dispersal process around a M∗ = 3 M⊙ star.
The disk loses its mass by accretion, MHD winds in the inner disk, and photoevaporation
in the outer disk. The dominant disk dispersal process changes at the last stage of disk
dispersal. Photoevaporation replaces accretion and becomes the most dominant disk
dispersal process at 1.3 Myr. The transition occurs when the central star reaches the main
sequence.

Figure 4.5 shows the evolution of FUV luminosity during the calculation. In the first
1.6 Myr, the chromospheric origin is the dominant source of the FUV luminosity, but it is
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▶ Figure. 4.4

The mass-loss rates for each disk dispersal process in the case of M∗ = 3 M⊙: accretion
(blue), MHD winds (orange), photoevaporation (green), and their total (red). Accretion
and MHD winds dominate as the primary dispersal processes during the first 1 Myr
but are eventually overtaken by photoevaporation. The photoevaporation rate increases
significantly around 2 Myr, when the star reaches the main sequence. This enhanced
photoevaporation efficiently clears the disk gas, leading to rapid dispersal in the final stages
of disk evolution.
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▶ Figure. 4.5

The FUV luminosities from different origins in the case of M∗ = 3 M⊙: accretion-origin
(blue), chromospheric-origin (orange), photospheric-origin (green), and the total (red).
During the first 1.6 Myr, the chromosphere-origin is the primary source of FUV luminosity.
The photospheric-origin becomes the main FUV luminosity after the star reaches the
main-sequence because the effective temperature exceeds 104 K.

Chapter 4 67



4.3. RESULTS

replaced by the photospheric origin. When the star reaches main-sequence, the effective
temperature exceeds 30000 K, and the FUV luminosity increases accordingly. The total
FUV luminosity increases by a factor of 103, which corresponds to the increase in the
photoevaporation rate by a factor of ∼ 45, derived from the relation of Ṁpe ∝ L0.55

FUV [Komaki
et al., 2021].

Intermediate-mass stars do not have a convective zone on the stellar surface in the
main-sequence phase. The inactive outer layer results in low X-ray luminosity due to the
lack of magnetic activity on the surface. Therefore, X-ray luminosity drops when the central
star reaches main-sequence. Our simulation considers the change in photoevaporation rate
as a result of the evolution of the FUV luminosity, while the constant X-ray luminosity is
assumed over time. Komaki et al. [2021] performed photoevaporation simulations varying
X-ray luminosity by two magnitudes to clarify the dependence of photoevaporation on X-ray
radiation. The obtained relation is Ṁpe ∝ L0.26

X-ray, which is not as significant as the FUV
luminosity. Considering that FUV photons are the dominant heating source on the base
of photoevaporative flows, we expect that decreasing X-ray luminosity will have a limited
impact.

Stellar evolution enhances photoevaporation and significantly impacts disk evolution
around intermediate-mass stars, consistent with Kunitomo et al. [2021]. Their study
incorporates photoevaporation as the combined effect of FUV, EUV, and X-ray-driven mass
loss. Our simulations further confirm the critical role of stellar evolution in disk evolution
using a more detailed photoevaporation model which comprehensively incorporates FUV,
EUV, and X-ray photons.

4.3.2 Dependence of Disk Evolution on Stellar Mass

We performed a series of long-term disk evolution simulations, varying the stellar mass
in the range of 0.1–7 M⊙. Figure 4.6 shows the dust dispersal timescales of all ranges of
masses, and has a peak around ∼ 2 M⊙.

For cases with M∗ ≥ 2 M⊙, the central star reaches the main sequence before the
disk gas disperses. A massive star with M∗ ≥ 5 M⊙ reaches the main sequence, and its
surrounding disk undergoes strong photoevaporation from intense FUV radiation. In these
models, the central star reaches the main sequence within 1 Myr, which causes the disk
to be under the influence of strong radiation for a more extended period of time. The
primary dispersal process is photoevaporation, and more than 40% of the disk mass is
lost by photoevaporation. On the other hand, disks around low-mass stars have shorter
dust dispersal timescales compared to intermediate-mass stars. This rapid disk dispersal
is attributed to the low initial disk mass and the reduced temperature due to the low
bolometric luminosity. We assume that dust grains are observable in the infrared where the
temperature exceeds 300 K and dust surface density exceeds 0.1 g cm−2. In a M∗ = 0.1 M⊙
case, this criterion sets a strict limitation on the area where the disk is observable, and it
is mainly r < 0.3 au. In our simulation, the gas temperature is derived considering stellar
radiation and viscous heating. The temperature profile is determined mainly by stellar
radiation, following L

1/4
bol . The low luminosity directly affects the dust dispersal timescale
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▶ Figure. 4.6

The dust dispersal timescale for each stellar mass calculated by simulations with stellar
evolution (orange) and without stellar evolution (blue). A distinct difference is found
around from solar to intermediate-mass stars. For low-mass to solar-mass stars, the star
spends more time to reach main-sequence than disk dispersal. During this period, the FUV
luminosity decreases along the Hayashi track throughout the whole lifetime. Around stars
larger than intermediate-mass, the star reaches the main sequence before the disk disperses
and the disk is exposed to intense FUV radiation at the final stage of disk dispersal. This
result highlights the limitation of using constant FUV luminosity throughout disk evolution.
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around a low-mass star. Because of the high temperature sensitivity on stellar bolometric
luminosity, the observable area of stars with M∗ ≥ 2 M⊙ expands because of the increase
in bolometric luminosity as the star reaches the main-sequence. In a M∗ = 2 M⊙ case,
the observable radius expands by a factor of 1.5 during the last 1.5 Myr. The balance
between enhanced photoevaporation and heating by bolometric luminosity determines the
dust dispersal timescale. These two effects make disks around a M∗ = 2 M⊙ star observable
for longer time compared to the other mass cases.

4.3.3 Impact of Stellar Evolution

Stellar evolution is first incorporated into disk evolution simulations by Kunitomo et al.
[2021]. They incorporate the maximum photoevaporation rate among FUV, EUV, and
X-ray, which is derived from previous research focusing on each heating source. We
derive the surface mass-loss profile of photoevaporation from a two-dimensional radiation
hydrodynamics simulation incorporating all FUV, EUV, and X-ray radiation simultaneously.
Our calculation is the first to incorporate a realistic photoevaporation profile into a disk
evolution simulation considering FUV heating. A disk evolution simulation with a whole
package of disk dispersal processes enables us to clarify the precise role of stellar evolution
in disk dispersal.

To assess the impact of stellar evolution, we perform disk evolution simulations with
constant luminosity during the calculation. We assume the luminosity at the age of ∼ 1 Myr
because it is the typical accretion timescale, just as many previous researches assumed.
Three origins of FUV radiation are considered in the calculation: accretion, chromospheric
origin, and photospheric origin. We calculate the accreted gas mass at each time step to
estimate the FUV luminosity. In a calculation without stellar evolution, we assume that the
accretion rate is constant with Ṁacc = 1.0 × 10−8(M∗/ M⊙) M⊙ yr−1 during the calculation.

Figure 4.6 shows the dust dispersal timescale of both with and without stellar evolution
cases. It has an outstanding peak around ∼ 2 M⊙ in the case without including stellar
evolution. The mass-loss rate of photoevaporation is low because of the relatively low
X-ray luminosity around intermediate-mass stars. Intermediate-mass stars do not have a
convective zone on their stellar surfaces, which results in low X-ray luminosity. This results
in a relatively low mass-loss rate of photoevaporation around intermediate-mass stars.

The most significant difference is around the stars in the 0.5 M⊙ ≤ M∗ ≤ 1 M⊙.
When stellar evolution is considered, the dust dispersal timescales are longer, and the
difference is attributed to distinct FUV luminosity. The luminosity of these types of
stars decreases throughout the disk dispersal because the central star is on the Hayashi
track. Moreover, the FUV luminosity is overestimated in the calculation without stellar
luminosity. When calculating the FUV luminosity of accretion origin, the accretion rate of
Ṁacc = 1.0×10−8(M∗/ M⊙) M⊙ yr−1 is assumed, which is higher by a factor of 10 compared
to that calculated with stellar evolution (see Figure 4.3). The overestimated accretion rate
leads to enhanced photoevaporation and an underestimation of the dust dispersal timescale.

In the case of M∗ = 3 M⊙, the dust dispersal timescale decreases by 1.9 Myr when
stellar evolution is incorporated. The short lifetime is because the mass-loss rate of
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photoevaporation is greatly enhanced when the central star reaches the main sequence.
A star reaches the main sequence before the disk disperses in the case of M∗ ≥ 2 M⊙. In the
case of M∗ > 3 M⊙, a star reaches the main-sequence before 1 Myr, and the luminosity of
the main-sequence star is used in the calculation without stellar evolution. Therefore, there
is little difference between the calculations with and without stellar evolution.

Comprehensive long-term disk evolution simulations show that disk dispersal is
susceptible to change in FUV luminosity due to stellar evolution, especially around solar
to intermediate-mass stars. We discuss that a simple estimate of stellar luminosity, using
the value at the age of 1 Myr throughout the simulation, cannot reproduce realistic disk
dispersal.

4.3.4 Uncertainties in Disk Dispersal Models

There is still a discussion about which disk dispersal model can better depict disk evolution
and be more consistent with observations. Specifically, previous research suggests several
models: ‘strong wind case’ or ‘weak wind case’ for MHD winds, variations in magnetic field
strength including the absence of magnetic fields (no-B-field case). We perform long-term
disk evolution simulations with different disk evolution models to further investigate the
impacts of each disk dispersal process.

Strong MHD Winds

We have performed the ‘weak wind case’ of MHD winds for the fiducial calculation. We
perform a series of long-term disk evolution simulations with the ‘strong wind case.’ In this
model, all the energy lost by the wind torque and some of the energy released by viscosity
are transferred to MHD winds. The dimensionless mass flux by MHD winds and the energy
flux of heating in the disk is given by

Cw,e = max
[ 2

r3Ω(ρcs)mid

∂

∂r

(
r2Σαrϕc2

s

)
+ 2cs

rΩ αϕz, 0
]

Frad = max
[
−1

r

∂

∂r

(
r2ΣΩαrϕc2

s

)
, 0
]

.

(4.22)

The derivation of this equation is shown in Appendix C. The viscous parameter is still set
to αrϕ = 10−4. The disks disperse more rapidly than in fiducial models in all the stellar
mass cases. MHD winds are the main disk dispersal process except for M∗ = 7 M⊙. In
the case of M∗ = 1 M⊙, approximately 60% of the disk is dispersed by MHD winds. In
the case of M∗ = 7 M⊙, photoevaporation is the main disk dispersal process. The star
reaches the main-sequence at the age of ∼ 0.2 Myr; therefore, a disk experiences strong
photoevaporation for a long time. The dust dispersal timescale is longest at M∗ = 3 M⊙
of ∼ 2 Myr. The stellar mass dependence of dust dispersal timescale is similar to that
obtained in the fiducial model and is more highlighted in this scenario. The dust dispersal
timescale is longest at M∗ = 3 M⊙ because the observable region is more extended because
of the high temperature by efficient heating by bolometric luminosity. The surface density
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is highest at a few to a few tens of au because MHD winds disperse the inner disk, the outer
disk is dispersed by photoevaporation, and the middle is left behind. As the stellar mass
increases, the bolometric luminosity increases. In the case of M∗ = 3 M⊙, the observable
region contains the peak in the surface density. Therefore, the dust dispersal timescale is
almost equal to the gas dissipation timescale and becomes the highest among the various
mass cases.

We also conduct simulations without including stellar evolution, and the dust dispersal
timescale remains unchanged. This is because disk dispersal in the inner region is primarily
driven by MHD winds. Since the dust dispersal timescale reflects the observable timescale
of the inner disk, variations in photoevaporation caused by stellar evolution have minimal
impact.

Dependence on Magnetic Fields

We also perform disk evolution simulations without magnetic fields by setting αϕz = 0 and
excluding MHD winds. There is a discussion on how effective magnetic fields contribute to
disk dispersal. We already assume a relatively low viscous parameter of αrϕ = 10−4. We
still assume αrϕ = 10−4 because turbulence can cause a minimum effect of viscosity.

The disk around low-mass stars of 0.1 M⊙ does not completely disperse within 100 Myr.
In all ranges of stellar mass, the ratio of mass lost by photoevaporation increases, enhancing
the relative importance of photoevaporation. Therefore, the FUV luminosity variation due
to stellar evolution is more essential in this model. The significant change in dust dispersal
timescale around 0.1 M⊙ stars suggests that disk dispersal is more sensitive to the strength
of magnetic fields around low-mass stars, which are the main components of stellar clusters
according to the IMF.

There are two causes for the accretion motion. The first is the redistribution of angular
momentum due to viscosity, and the second is gas accretion onto the star as MHD winds
carry away angular momentum. The accretion motion is primarily driven by angular
momentum loss caused by wind torque, highlighting the importance of wind torque in
understanding accretion processes. In the fiducial case, the accretion rate increases with
stellar mass, following ∝ M0.92

∗ at the age of 1 Myr, which is lower than the observed
relation of ∝ M2

∗ . This discrepancy suggests that the wind torque and the strength of the
magnetic fields may be overestimated around low-mass stars in our calculation, indicating
that the actual wind torque could be weaker for such stars.

Difference in Photoevaporation Profile

In our calculation, we derive the surface mass-loss profile of photoevaporation based on
radiation hydrodynamic simulation, which incorporates all FUV, EUV, and X-ray photons.
Our work is the first disk evolution simulation that incorporates a realistic mass-loss profile
of photoevaporation. Previous theoretical research performed disk evolution simulations
with the photoevaporation rate calculated as a maximum or sum of the mass-loss rates
by each FUV, EUV, or X-ray-driven gas flow. In some previous studies, the effect of
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▶ Figure. 4.7

The surface mass-loss profiles due to photoevaporation are shown as calculated by Komaki
et al. [2021], Owen et al. [2010], and a simple approximation of Owen et al. [2010].
In the profiles by Owen et al. [2010], the surface mass-loss rate decreases with radius
approximately as r−2. In contrast, the profile by Komaki et al. [2021] maintains a nearly
constant value of ∼ 3 × 10−14 g s−1 cm−2 in the outer region. This is attributed to efficient
FUV-driven photoevaporation in the outer region.

FUV radiation is omitted based on the assumption that its lower energy compared to
EUV and X-ray photons makes it less important for driving photoevaporation. Recent
photoevaporation simulations showed that FUV photons penetrate the disk and heat the gas
via photoelectric heating on dust grains. X-ray photons also contribute to the photoelectric
effect because electrons emitted by X-ray ionization decrease the electric charges of dust
grains (see Eq. 3.9). Previous researches used photoevaporation mass-loss profiles based
on simulations without FUV photons. For example, the mass-loss profile of Owen et al.
[2012] is often used as in Kunitomo et al. [2021].

Figure 4.7 shows three surface mass-loss profiles of photoevaporation: the fiducial
model, calculated by Owen et al. [2012], and the simple fit for the Owen et al. [2012]
model. To clarify the impact of the difference in the mass-loss profile, we multiply 3.1×10−10

by the profile so that the mass-loss rate by photoevaporation within 100 au matches that of
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our fiducial model. The most significant difference is the number of peaks in the profiles.
The profile given by Komaki et al. [2021] has two peaks corresponding to the launching
radius due to EUV and FUV radiation. The simple fit for Owen et al. [2012] is given by

Σ̇pe,s = 3.2 × 10−12 g s−1 cm−2
(

LX−ray
1030 erg s−1

)(
r

2.5 au

)−2
. (4.23)

We perform a long-term disk evolution simulation with the simple fit of photoevaporation.
The simple model is used instead of the Owen et al. [2012] model because that profile only
covers [0.82 au, 100 au]. In our calculation, the initial gas radius is set to rout ∼ 140 au, and
the profile of Owen et al. [2012] does not cover the whole region.

Figure 4.8 illustrates the gas density distribution reconstructed based on the simulation.
The disk has a more expanded structure when the simple photoevaporation profile is
assumed. This is because two profiles (fiducial and simple) have different functions of r
toward the outer region. The profile of Komaki et al. [2021] maintains the constant surface
mass-loss profile of ∼ 3.0 × 10−14 g s−1 cm−2, while the surface mass-loss rate decreases
toward the outer region, following r−2 in the simple fit model. Although the mass loss due
to photoevaporation is different in the outer region, the choice of the photoevaporation
model does not affect the dust dispersal timescale. The dust dispersal timescale reflects the
observable timescale of the inner region, and the impact of photoevaporation is limited.
The difference in photoevaporation in the outer region does not affect the dust dispersal
timescale, but it still affects the extent of the gas distribution. We argue that it is essential
to consider a realistic profile of photoevaporation to obtain a realistic distribution of disk
material, which provides possible locations of planet formation.

4.3.5 Other Processes Affecting Disk Evolution

External Photoevaporation

The observations toward star-forming regions with massive stars show that disks near
O-type or B-type stars tend to have lower masses and smaller radii. This rapid disk dispersal
is often attributed to external photoevaporation caused by intense radiation from nearby
early-type stars. Previous simulations of stellar cluster evolution suggest that the efficiency
of external photoevaporation depends on the stellar density and the proximity to massive
stars. These findings imply that external photoevaporation is significant in environments
with strong FUV fields, with its efficiency varying across different systems.

To focus on the general processes of disk evolution, our fiducial model excludes external
photoevaporation. However, understanding the diverse disk properties observed requires
exploring the contribution of external photoevaporation to disk dispersal.

Haworth and Clarke [2019] conducted radiation hydrodynamics simulations and found
that external photoevaporation is most effective in the outer disk regions. These regions are
optically thin and less gravitationally bound to the central star. Their study provides total
mass-loss rates but not the surface mass-loss profiles. To estimate the surface mass-loss
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▶ Figure. 4.8

The snapshots of gas density and surface density in linear scale in the case of M∗ = 1 M⊙ at
the age of 0, 1, 4, 7 Myr from the simulation which uses photoevaporation model by Owen
et al. [2010]. The color map shows the gas density distribution. The color variation from
purple to red corresponds to the local gas density from 10−20 to 10−10 g cm−3. The black
line represents the surface density. The equations solve the evolution of surface density.
The local gas density is derived by assuming hydrostatic equilibrium at each radius. The
radius decreases because of photoevaporation, but the decrease is not rapid compared to
simulations considering photoevaporation profile by Komaki et al. [2021]. A high surface
mass-loss rate around ∼ 2.5 au contributes to forming a cavity near the central star.
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profile, we follow the approach of Weder et al. [2023], assuming:

Σ̇pe,ext =

 0 (r < 0.9rout)
Ṁpe,ext

π(r2
out−(0.9rout)2) (r ≥ 0.9rout)

, (4.24)

where Ṁpe,ext is the mass-loss rate due to external photoevaporation from Haworth and
Clarke [2019]. We assume the outer 10% of the disk radius contributes entirely to external
photoevaporation.

To investigate the impact of external photoevaporation, we incorporate this surface
mass-loss profile into our fiducial model. Simulations are performed with various FUV fluxes
in the range of 10 to 105 G0, while keeping other parameters unchanged. In environments
with FUV fluxes below 104 G0, the external photoevaporation rate does not exceed internal
photoevaporation. For instance, the FUV flux from the central star at r = 100 au is 100 G0.
The disk disperses rapidly lower than 100 au. As the disk radius decreases, the region
corresponding to the outer 10% of the radius moves inward. In this area, the FUV field
from the central star surpasses the external FUV field, reducing the efficiency of external
photoevaporation. Consequently, external photoevaporation becomes inefficient when the
external FUV field is below 104 G0.

Our simulations confirm that external photoevaporation becomes significant only
under specific environmental conditions. We incorporate both internal and external
photoevaporation by summing their contributions. However, this approach might
overestimate mass-loss rates since outgoing gas can attenuate radiation, reducing efficiency.
For future studies, it is essential to perform comprehensive radiation hydrodynamics
simulations that include FUV radiation from both the central star and nearby massive stars.

Reduced Photoevaporation by Wind Shielding

We consider the main disk dispersal processes of accretion, MHD winds, and
photoevaporation simultaneously but do not incorporate the interaction between them.
Ercolano et al. [2009] suggested that dense winds originating from the inner disk can
shield radiation from the central star, thereby inhibiting photoevaporation. As discussed
in Chapter 3, we concluded that when the photoelectric effect is suppressed by lowering
the dust-to-gas mass ratio, X-ray radiation and H2 pumping begin to play a role in gas
heating.

We have explicitly tested the shielding effect by running an additional simulation. We
incorporate wind shielding by assuming that photoevaporation is completely turned off if
the column density within 1rg exceeds 1020 cm−2 in the M∗ = 1 M⊙ case. This criterion is
set to correspond to the location of the photoevaporative wind base (see Chapter 3.3.1).
Although photoevaporation does not clear the gas in the first 0.7 Myr, the estimated disk
lifetime is unchanged in the case of M∗ = 1 M⊙. This is because photoevaporation is
primarily effective in the outer disk, while the dust dispersal timescale, observable period
in the near-infrared, is more focused on the inner disk. In contrast, the gas dissipation
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timescale becomes longer by 10 Myr compared to the simulation without shielding.
Photoevaporation is completely turned off when the column density exceeds the

criterion, which is an extreme assumption. As discussed in Chapter 3, H2 pumping and
X-ray photons become the dominant heating source when the photoelectric effect is reduced
owing to less amount of dust. Therefore, the long gas dissipation timescale serves only as a
longer limit of the disk lifetime.

4.4 The Evolution of Disk Fraction

4.4.1 Disk Fractions of Various Star-Forming Regions

Disks are observed more as a group than as an individual. The disk fraction is the most
commonly used quantity to indicate the evolution stage of a stellar cluster. So far in this
chapter, we have focused on the disk dispersal of a standard individual disk. This section
discusses the difference in disk evolution due to the variation in disk parameters and the
consequent disk fraction of a star-forming region. We also investigate the impact of stellar
evolution on the disk fraction.

In the previous section, we focus on the stellar mass dependence of disk evolution.
However, the disk evolution path is not determined solely by stellar mass; it is actually
influenced by various physical parameters. The observations of star-forming regions have
found a dispersion in disk mass and disk radius. These parameters could affect the disk
dispersal process as well as stellar mass. We perform disk evolution simulations varying
disk mass and radius in a wide range. Then, we assume a star-forming region with
10,000 systems and estimate the dust dispersal timescale of each system to calculate the
disk fraction over time. Our work is the first calculation that incorporates accretion, MHD
winds, photoevaporation, and stellar evolution in a consistent manner, so it is significant to
evaluate the impact of each process on the disk fraction more precisely.

4.4.2 Methods

The observations toward star-forming regions showed a considerable variation in disk mass,
ranging for two magnitudes, and in disk radius even within the same type of stars. The
observed disk fraction means the disk survival rate among disks in various environments.
In our simulation, we consider disk dispersal as the result of a combination of three major
processes: accretion, MHD winds, and photoevaporation. We expect that the balance of
these processes changes as we vary the physical parameters. Infrared observations showed
that the disk lifetime varies by the stellar mass, and therefore theoretical studies have
focused on the stellar mass dependence of disk dispersal. In the previous section, we have
already clarified the stellar-mass dependence of disk dispersal. In this section, we perform
disk evolution simulations varying the disk mass and radius to understand the difference in
disk dispersal by physical parameters.

We first conduct one-dimensional long-term disk evolution simulations with varying disk
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M∗ 0.1, 0.3, 0.5, 0.7, 1.0, 1.7, 2.0, 3.0, 5.0, 7.0 M⊙
Mdisk 0.1, 0.3, 1.0, 3.0, 10 ×0.0117M∗
Rdisk 0.3, 0.7, 1.0, 1.3, 1.7 ×(M∗/1 M⊙)30 au

▶ Table. 4.2 The list of stellar mass, disk mass, and disk radius we used for the
simulations.

mass and disk radius for each stellar mass of 0.1–1 M⊙. We vary the disk mass in the range
of 0.0117 × 0.1–10M∗, 10 times lower and higher compared to the fiducial value. We vary
the disk radius in the range of 0.3–1.7 × 30 au(M∗/1 M⊙). A list of physical parameters
is shown in Table 3.2. We perform 250 disk evolution simulations with a combination of
stellar mass, disk mass, and disk radius parameters.

Disk observations are conducted toward star-forming regions, and there have been a
number of statistical analyses of disk evolution as in a group. Since the disk fraction is one
of the limited features obtained from disk observations, it provides an important way to
compare our model with observations. We calculate the disk fraction by setting an ideal
stellar cluster. We generate a mock stellar cluster with 10000 systems in it. We choose
a large number of stars, 10000, to focus on the general evolution of disk fraction in a
statistically complete manner. To recreate the diversity in the region, various disks with
various physical parameters (stellar mass, disk mass, and disk radius) are considered.

We generate 10,000 systems as cluster members, and the parameters of each system
are chosen by Monte-Carlo sampling. Since it is computationally expensive to perform
a long-term disk evolution simulation for each of the 10,000 disks, we estimate the dust
dispersal timescale of each disk by interpolating the dust dispersal timescale of 250 disks
shown above. The number of surviving disks in the system is counted over time to trace
the evolution of the disk fraction. In order to make sure Monte-Carlo sampling reproduces
the dust dispersal timescale, we randomly choose four sets of parameters and perform
long-term disk evolution simulations with the parameter sets. Then, we calculate the dust
dispersal timescale and compare it to the estimated value, which is interpolated from the
results of the 250 disks. The difference was at most 0.65 Myr, less than 10% of the original
timescale.

We assume that the distribution of stellar mass follows the IMF suggested by Kroupa
[2002], which is given by

ξ(m) ∝ m−α

α = 1.3 (0.1 M⊙ < m ≤ 0.5 M⊙)
α = 2.3 (0.5 M⊙ < m).

(4.25)

We set the lower limit to 0.1 M⊙ because that roughly corresponds to the observation limit
[Michel et al., 2021]. We do not consider disks around massive stars with M∗ > 7 M⊙. As
the IMF shows, there is more weight on lower-mass stars, limiting the number of massive
stars. Since disks around massive stars have short lifetimes, the absence of massive stars
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has a limited effect on the disk fraction.
The observations toward class 0 and class I disks show that the dispersion in disk mass

is expressed as σ = 0.35 dex in a log-normal Gaussian distribution [Tychoniec et al., 2018].
Because of this large dispersion, it is difficult to infer the dependence of disk mass on stellar
mass. Some research concluded that disk mass increases proportionally to stellar mass as
Mdisk ∝ M∗ [Ansdell et al., 2016, Andrews, 2020]. In contrast, other research does not find
a clear relation between stellar mass and disk mass [Ruíz-Rodríguez et al., 2018]. Another
research even found a more steep relation between stellar mass and disk mass, given as
Mdisk ∝ M1.8

∗ [Pascucci et al., 2016]. In our calculation, we assume a proportional relation
because we later compare our results with the observations by Ansdell et al. [2016].

The same can be said about the disk radius, but the situation is more complicated
because there is no certain way to determine the disk radius. This is because the gas is
thin in the outer region, and we cannot clearly define the disk radius. Observationally,
Cieza et al. [2021] used ALMA data from Ophiuchus and defined the disk radius as the
position within which 90% of the observed energy is emitted. The radius of the observed
disk varies in the range of 53–256 au. On the other hand, Eisner et al. [2018] fitted the
observed flux distribution with the Gaussian distribution. They obtain the cut-off radius
of rcut = 10–30 au. They found the dependence of disk radius on stellar mass, while the
others do not [Hendler et al., 2020]. For simplicity, we assume that the disk radius is
proportional to the stellar mass. The dispersion is given as σ = 0.1 dex in a log-normal
Gaussian distribution [Tobin et al., 2020]. The observed disks are mainly in the stage
of class 0 and class I. Observing disks at a relatively early stage provides information on
the initial stage of disk evolution. This is beneficial for our calculation, which aims to
understand disk dispersal from the very beginning.

Figure 4.9 shows the distribution of stellar mass, disk mass, and disk radius, which is
chosen by Monte-Carlo sampling. The calculated dust dispersal timescales of 250 disks and
10000 disks for the generated stellar cluster are also shown in Figure 4.10.

Several previous works have shown the observed evolution of disk fractions. We
compare our results with those of the observations and discuss them in the following
sections.

4.4.3 Diverse Evolution of Protoplanetary Disks

We performed long-term disk evolution simulations with 250 different parameter sets. We
discussed the stellar-mass dependence in the previous section. Now, we want to focus on
the distinct disk evolution as a result of the varied disk mass and radius.

The estimated dust dispersal timescale increases more drastically with increased disk
mass than with disk radius. Around a M∗ = 1 M⊙ star, the dust dispersal timescale
increases as the disk mass increases following ∝ M0.40

disk because there is more gas to disperse.
Since the criterion for the dust dispersal timescale contains Σdust ≥ 0.1 g cm−2, it takes a
longer time for the surface density to decrease to a certain value. Still, the dust dispersal
timescale does not increase by a factor of 10 when the initial disk mass is set to be 10 times
larger than the fiducial value because the mass-loss rates by accretion and MHD winds also
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▶ Figure. 4.9

The distributions of stellar mass, disk mass, and disk radius adopted in our calculation
are shown for a sample of 10,000 disks. The stellar mass distribution follows the Initial
Mass Function (IMF), while the disk mass and disk radius are assumed to follow Gaussian
distributions. The standard deviations for disk mass and disk radius are set to σ = 0.35 dex
and σ = 0.1 dex, respectively.
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▶ Figure. 4.10

The parameter sets of stellar mass and disk mass for 10,000 disks are shown. The color
scale represents the dust dispersal timescale. The color variation from black to yellow
corresponds to the dust dispersal timescale from 0 to 8 Myr. The plots with red circles
indicate the dust dispersal timescales calculated based on simulations for 250 parameter
sets. These simulation results are used to interpolate the dust dispersal timescales for the
10000 samples.
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increase. Both mass-loss profiles depend on the surface density; therefore, the mass-loss
rates increase as the initial disk mass increases. The dust dispersal timescale represents
the observable timescale of the inner region, covering a few au, where accretion and MHD
winds primarily drive gas dispersal.

The mass-loss rate of photoevaporation is also enhanced because the main source of
FUV radiation is accretion-origin, and the FUV luminosity increases as the accretion rate
increases because of the high surface density. In the fiducial case, the main component of
FUV luminosity is the chromospheric origin, but it is replaced by the accretion origin when
the initial disk mass is increased by a factor of 10. The main FUV component is the energy
released by accretion until the age of 15 Myr, but it is replaced by the chromospheric origin
as the accretion rate decreases over time. Previous research has assumed that the main
FUV component is energy liberated by accretion. However, this is not true in the fiducial
case and only applies to models with high initial disk mass. We highlight the importance of
calculating the FUV luminosity based on stellar evolution at each time step when performing
long-term disk evolution.

In the case of M∗ = 3 M⊙, the dust dispersal timescale does not increase with the
increase in disk mass as in the case of M∗ = 1 M⊙. It takes a longer time to disperse gas
for a massive disk. The central star reaches the main sequence at ∼ 2.5 Myr, exposing the
disk to intense FUV radiation for extended periods. The disk disperses quickly after that,
so the dust dispersal timescale does not increase as the initial disk mass increases. As a
result, the dust dispersal timescale increases with the disk mass, following ∝ M0.17

disk . It is
essential to compare the timings when the star reaches the main sequence and when the
disk completely disperses.

The dust dispersal timescale does not show a clear correlation with the disk radius as
with the disk mass. As the disk cut-off radius increases, the disk has a more extended
structure, which increases the mass-loss rate due to photoevaporation because it is
dominant in the outer region. When the disk radius is small, the gas is more concentrated
near the central star. Since surface mass-loss profiles of both accretion and MHD winds are
proportional to the local surface density, the dust dispersal timescale is unchanged as the
initial disk radius decreases. In our calculation, the initial magnetic fields depend on the
initial surface density, and the magnetic lines are preserved throughout the simulation. The
surface density of the innermost radius of r = 0.01 au increases by 6% when the disk cut-off
radius is reduced to 30% of the fiducial value, and consequently, the impact of varying the
disk radius is minimal.

4.4.4 Evolution of Disk Fraction

Figure 4.11 shows the evolution track of the disk fraction along with recent observation
results compiled by Pfalzner et al. [2022]. They sort out stellar clusters by whether the
region is a dense cluster or a sparse cluster. The disk fractions of dense clusters are plotted
in green, and those of sparse clusters are plotted in red. The disk fractions of dense clusters
are low because the disks are sited in an intense radiation field and, therefore, are dispersed
quickly by photoevaporation.
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▶ Figure. 4.11

The disk fraction evolution over time. The blue and orange lines represent the results
of calculations with and without stellar evolution, respectively. The plots represent the
observed disk fraction toward each stellar cluster. The black and purple plots represent
observations by Mamajek [2009] and Michel et al. [2021]. The red and green plots
represent the observation results toward sparse and dense clusters compiled by Pfalzner
et al. [2022]. The disk fractions of dense clusters are thought to be low because of the
influence of FUV field flux from nearby stars, which enhances photoevaporation. The
change in stellar luminosity due to transition to the main sequence affects the dust dispersal
timescale from solar to intermidiate-mass stars. This effect is reflected in the evolution of
disk fraction.
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The calculated disk fraction decreases rapidly within ∼ 3 Myr. The decline in disk
fraction within a few million years is in agreement with observational data. Since
our calculations exclude external photoevaporation to focus on a more generalized disk
evolution process, it is significant that our model successfully reproduces the observed
trends in sparse clusters. Because the standard IMF predicts that a large number of
stars are low-mass stars, the disk fraction strongly reflects the disk survival rate around
low-mass stars. Figure 4.6 shows that disks around low-mass stars have short lifetimes
within tdis ∼ 2 Myr, which leads to a significant decrease in the disk fraction. However, the
calculated disk fraction decreases after that and becomes below 1% until the age of 6.5 Myr,
while the observed disk fraction is still ∼ 20% at the age of 10 Myr. The purple plots in
Figure 4.11 show the recent observation results of Michel et al. [2021]. They observed
class III stars in nearby stellar clusters within 200 pc. As Pfalzner et al. [2022] suggests,
recent disk observations have less observation luminosity limits, which means more samples
are collected and provides a more comprehensive statistical analysis. Several possible
explanations are proposed for the difference in disk fraction at the later stage. Michel
et al. [2021] suggests that the formation of dust rings can elongate the disk observable
timescale up to 8 Myr. Dust grains are trapped and form dust rings instead of accreting onto
the central star. We assume a smooth distribution for the initial gas and dust distribution
profile. Thanks to the high-resolution observations, mainly by ALMA, many disks were
found to have substructures. Substructured disks are observed with brighter signalsMichel
et al. [2021]. Including the effect of dust traps may align the disk fraction more closely with
observations. The other reason is the difference in the stellar mass distribution. We assume
that the stellar mass distribution follows the IMF suggested by Kroupa [2002]. However,
the actual observations of star-forming regions show that the mass distribution of observed
stars does not perfectly follow the IMF. Since the calculated disk fraction is determined by
the survival rate of disks around the smallest star of 0.1 M⊙, the observation luminosity limit
for faint sources can affect the disk fraction. The details are discussed in the next section.

Figure 4.11 also shows the difference in the calculated disk fraction between simulations
with and without stellar evolution. We derived the evolution of the disk fraction without
including stellar evolution to clarify the impact of stellar evolution. In the previous section,
we clarified that the dust dispersal timescale is affected by the variation in FUV luminosity
due to stellar evolution around solar to intermediate-mass stars.

It is worth examining whether there is any apparent difference in disk fraction between
models with and without stellar evolution. We derived the evolution of the disk fraction
in the same way as in the calculation with stellar evolution. We first performed disk
evolution simulations with 250 sets of parameters. Then, we estimate the dust dispersal
timescale of 10000 disks whose physical parameters are chosen by Monte-Carlo sampling.
The disk fraction decreases more rapidly than the model with stellar evolution. When stellar
evolution is incorporated, the disk fraction increases by ∼ 20% at the age of 2 Myr. The dust
dispersal timescale increases for 0.5 M⊙ ≤ M∗ ≤ 1 M⊙. The disk fraction is determined
mainly by the dust dispersal timescales for low-mass stars. The change in disk fraction
between calculations with and without stellar evolution is relatively small compared to the
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error bars in observations. It is still necessary to incorporate stellar evolution to understand
the individual disk evolution of solar to intermediate-mass stars.

The comparison of disk fractions suggests the dependence of the disk lifetime on stellar
mass. We sort out disks by central stellar mass and calculate the disk fraction of each
group. We classify the groups into low-mass stars (M∗ < 1 M⊙), intermediate-mass stars
(1 M⊙ ≤ M∗ ≤ 3 M⊙), and massive stars (M∗ > 3 M⊙). The evolution of the disk fraction of
each group is shown in Figure 4.12. Figure 4.12 also shows the results of the observations
by Ribas et al. [2015]. They observed eleven star-forming regions and sorted the systems
by their age and mass. The boundary is M∗ = 2 M⊙ and 3 Myr. Since our calculation shows
that the dust dispersal timescale peaks around M∗ = 2 M⊙, the stellar mass distribution is
crucial if the disk fraction of massive stars is lower than that of low-mass stars, as suggested
by previous observations.

We performed disk evolution simulations with other disk dispersal models, such as the
model with strong winds and no-B-field cases. Comparison between simulations with each
model suggests that the disks around low-mass stars are more sensitive to the disk model.
When MRI is inactive, the dust dispersal timescale exceeds 100 Myr. There is still a debate
about how much MRI is active and what the effective turbulence parameter should be. The
calculated disk fraction of low-mass stars may be underestimated.

4.4.5 Comparison with Observations

We assume the general stellar mass distribution of IMF because we want to understand
the general characteristics of the evolution of the disk fraction. The observed stellar mass
distribution varies by each system. As seen in the previous section, the stellar mass has a
great impact on determining the major disk dispersal process and resulting dust dispersal
timescale. Therefore, it is necessary to use the individual set of parameters for the observed
disks to compare the disk fractions with the observations. We choose two star-forming
regions, Lupus and eta Cha, which are relatively young and old regions. Then, we calculate
the disk fraction with the observed stellar mass distribution. While we choose stellar mass
based on observations, the disk mass and disk radius are set to be fiducial values of Mdisk =
0.0117(M∗/1 M⊙) M⊙ and rcut = 30(M∗/1 M⊙) au. The dust dispersal timescale of each
disk is estimated by interpolating 250 disks, which are derived by performing simulations
varying stellar mass, disk mass, and disk radius with a weak wind model. In the following
section, we discuss the derived disk fraction and understand the observed trend in disk
fraction.

The first target is Lupus. Lupus is a relatively young star-forming region with an average
age of 1–3 Myr [Ansdell et al., 2016]. The disks are mainly classified as in the evolutional
stage of class II. Ansdell et al. [2018] has thoroughly researched disks in Lupus. Although
Ansdell et al. [2018] identified 91 disks in the region, we employed 76 disks out of them
because the stellar mass of these systems is already confirmed by Alcalá et al. [2014]. The
number of stars increases as the stellar mass decreases, and this trend roughly aligns with
the IMF. We calculate the evolution of disk fraction incorporating the combination of stellar
mass.
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▶ Figure. 4.12

The disk fractions of each group: low-mass (M∗ < 1 M⊙), intermediate-mass (1 M⊙ ≤ M∗ ≤
3 M⊙), and high-mass (M∗ > 3 M⊙). The disk fraction of high-mass stars is lower than other
groups and this trend aligns with the observations. The disk fraction of intermediate-mass
stars is the highest because of the long dust dispersal timescale around ∼ 2 M⊙. The box
shows the disk fractions obtained by observation toward 11 star-forming regions Ribas et al.
[2015]. They classified the stars by their ages and masses. The disk fraction of low-mass
stars (M∗ < 2 M⊙) is shown in dark gray and that of low-mass stars (M∗ ≥ 2 M⊙) is shown
in light gray. The age criterion is set at 3 Myr. Observations confirm that the disk fraction of
high-mass stars drops to zero at an earlier age than for low-mass stars, suggesting a rapid
decrease in disk fraction around high-mass stars.
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▶ Figure. 4.13

The time evolution of disk fraction derived from the simulations using the stellar mass
distribution observed in Lupus (blue) and of the IMF (orange). Observed disk fractions for
various stellar clusters are plotted [Michel et al., 2021], with Lupus highlighted in pink.
The difference in stellar mass distribution results in variations in disk fraction evolution.
Simulations using the observed Lupus stellar mass distribution better match the observed
value, emphasizing the importance of considering stellar mass distribution when comparing
disk fractions across different clusters.
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Figure 4.13 shows the comparison between the observed disk fraction and the calculated
disk fraction with the observed stellar mass distribution. The figure also shows the disk
fraction of 10000 disks, calculated with the designated IMF. The calculated disk fraction
shows good alignment with the observation.

The second target is η Cha [Lyo et al., 2004, Bell et al., 2015]. η Cha is a star-forming
region at the age of 8–14 Myr and the distance is 94 pc away from the Earth. The number
of observed disks is 18: 1 class I, 5 class II, and 12 class III. The region reaches the last
phase of disk dispersal judging from the age. However, the disk fraction is 28 ± 14%, which
is high for a region of such age. We calculate the evolution of disk fraction incorporating
the combination of stellar mass.

Figure 4.14 shows the comparison between the observed disk fraction and the calculated
disk fraction with the observed stellar mass distribution in η Cha. The figure also shows
the disk fraction of 10000 disks, which is calculated with the assumption of the IMF. The
calculated evolution of disk fraction is bumpy because the number of stars in the system
is only 18. The disk fraction increases by 25% at the age of 3 Myr when the stellar mass
distribution is set to reproduce the observed distribution of η Cha. The disks observed for
an extended time of 10 Myr are attributed to the formation of substructures such as rings
and gaps. Once the substructure is formed, it accumulates dust grains and keeps the disk
observable for a long time.

Two comparisons with observations toward each system show the impact of assumed
stellar mass distribution. The mass distribution of the IMF is assumed in our calculation,
while the number of stars in the smallest mass bin is not the largest in the observation
toward η Cha. Since the dust dispersal timescale of M∗ = 0.1 M⊙ is within 2 Myr, the lack
of low-mass stars in observation results in the higher disk fraction. This effect becomes
even more apparent when the sample number is low. Previous research has treated
the disk fraction of each cluster equally, assuming that all regions have the same initial
conditions, but this is not always true. Our result indicates that the variation of physical
parameters, such as stellar mass distribution, should be considered when analyzing the
observed features.

4.5 Low-Metallicity Case

4.5.1 Low Disk Fraction in Low-Metallicity Environments

Observations of stellar clusters in low-metallicity regions showed a lower disk fraction
compared to nearby star-forming regions. This indicates that disk dispersal processes are
more effective in low-metallicity environments.

Theoretical studies have explored how reduced metallicity influences photoevaporation.
Nakatani et al. [2018b] performed radiation hydrodynamics simulations across a metallicity
range of 0.001–3 Z⊙. Their results show that the mass-loss rate peaks at Z = 0.03 Z⊙. The
reduced abundance of dust grains leads to lower dust opacity, while the efficiency of the
photoelectric effect decreases as the metallicity declines. Similar findings were reported

88 Chapter 4



4.5. LOW-METALLICITY CASE

100 101

t [Myr]

0.0

0.2

0.4

0.6

0.8

1.0

di
sk

 fr
ac

tio
n

Michel+21
simulation
simulation with IMF
η Cha

▶ Figure. 4.14

The time evolution of disk fraction derived from the simulations using the stellar mass
distribution observed in η Cha (blue) and of the IMF (orange). Observed disk fractions
for various stellar clusters [Michel et al., 2021] are plotted, with η Cha highlighted in
pink. Differences in stellar mass distribution lead to variations in disk fraction evolution.
Simulations using the observed stellar mass distribution of η Cha align more closely with
the observed value. However, the high disk fraction observed at the final stage cannot be
explained solely by changes in stellar mass distribution. The high disk fraction at the final
stage is attributed to the formation of dust substructures.
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by Wölfer et al. [2019]. At the same time, Pfalzner et al. [2022] highlights the role
of observational selection bias in distant stellar clusters, suggesting that observed disk
fractions may be influenced by observational limits rather than intrinsic differences. It
remains under discussion whether disks in low-metallicity environments undergo distinct
evolutionary processes.

Previous theoretical studies focused only on how changes in disk material lead to
distinct disk dispersal. Since stars and disks form from the same molecular cloud, stars
in such environments are expected to have lower metallicity. Stars with lower metallicity
evolve faster to the main sequence because reduced opacity enhances energy transport and
emission. For stars with M∗ ≥ 3 M⊙, this transition significantly increases FUV luminosity,
leading to rapid disk dispersal. These disks are exposed to strong FUV radiation early
in their evolution. In contrast, solar-mass stars do not reach the main sequence during
simulations, and their luminosity decreases gradually along the Hayashi track.

Whether a star reaches the main sequence before its disk disperses is a key factor in
determining the role of stellar evolution in disk dispersal. A shorter pre-main-sequence
phase can change the relative importance of photoevaporation in disk evolution. To
investigate this, we conduct long-term disk evolution simulations with Z = 0.1 Z⊙, focusing
on the mechanisms that shorten dust dispersal timescales in low-metallicity environments.
Our work is the first to explore the effects of a low-metallicity environment on disk dispersal.

4.5.2 Methods

We perform disk evolution simulations with Z = 0.1 Z⊙ to investigate disk dispersal in
low-metallicity environments. In the Galaxy, metallicity decreases gradually from the inner
to the outer regions, ranging from 3 to 0.1 Z⊙. Observations often focus on the outer Galaxy
to study disk fractions in low-metallicity environments. Based on this, our study specifically
examines the case of Z = 0.1 Z⊙.

Our method combines two simulation approaches introduced in earlier chapters. First,
we conduct radiation hydrodynamics simulations of photoevaporation with Z = 0.1 Z⊙ for
stellar masses of M∗ = 0.5, 1, 3 M⊙. These stellar masses represent low-mass, solar-mass,
and intermediate-mass stars, allowing us to evaluate the effects of low metallicity across
different types of stars. In these simulations, we solve radiative transfer, hydrodynamics,
and non-equilibrium thermochemistry to derive the surface mass-loss rate caused by
photoevaporation. This rate is calculated in the same manner as described in Chapter 3.3.3.

Next, we incorporate the derived surface mass-loss rate into long-term disk evolution
simulations. These simulations include accretion, MHD winds, and photoevaporation as key
disk dispersal processes. The detailed methodology for long-term simulations is provided in
Chapter 4.2. We assume the ‘weak wind case’ for MHD winds and use a low viscosity
parameter, αrϕ = 10−4 because this setup aligns best with observed disk fractions in
solar-metallicity environments.

Previous studies on disk dispersal in low-metallicity environments have mainly focused
on enhanced photoevaporation. However, photoevaporation is only one of several
processes causing disk dispersal. It is important to verify whether the trends observed
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in photoevaporation studies hold when all major disk dispersal processes are considered
comprehensively.

To estimate the dust dispersal timescale, we use the same criterion as in the solar
metallicity case. Our simulations provide the evolution of gas surface density, while
observations often focus on dust distribution. The dust surface density is derived by
multiplying the gas surface density by the dust-to-gas mass ratio. For the solar metallicity
case, we assume D = 0.03 at the final stage of disk dispersal, based on simplified simulations
that include both gas and dust components [Gorti et al., 2015].

In low-metallicity environments, the evolution path of dust grains may differ, making
the dust-to-gas mass ratio at the final stage less certain. For our simulations, we assume
D = 0.003, which is ten times lower than in the solar metallicity case. Later, we discuss how
this assumption influences the derived dust dispersal timescales.

Three major differences distinguish the low-metallicity case from the solar metallicity
case: the stellar evolution modeled by MESA, the photoevaporation mass-loss profile, and
the assumed dust-to-gas mass ratio at the final stage.

4.5.3 Results

We first introduce the results of radiation hydrodynamics simulations for metallicities in
the range of 0.01–1 Z⊙. Figure 4.15 shows the photoevaporation mass-loss rate for each
metallicity case, scaled to the solar metallicity case. The plot represents a time-averaged
value from 840 to 8400 years to minimize the impact of initial numerical turbulence. The
photoevaporation rate is calculated as the gas mass crossing the spherical surface at r =
100 au × (M∗/ M⊙) (see Eq. 3.20). The metallicity dependence of the photoevaporation
rate varies with stellar mass.

For the low-mass case of M∗ = 0.5 M⊙, the photoevaporation mass-loss rate remains
nearly constant across all metallicities. As metallicity decreases, the dust grain abundance
also decreases proportionally. This reduction lowers the gas heating efficiency by the
photoelectric effect. In the solar metallicity case, FUV photons are the primary heating
source through the photoelectric effect. At lower metallicities, X-ray photons replace FUV
photons as the main heating source, maintaining a consistent mass-loss rate.

For the solar-mass case of M∗ = 1 M⊙, the mass-loss rate peaks at Z = 0.1 Z⊙. At
this metallicity, the photoelectric effect remains the dominant heating process on the disk
surface. The reduced opacity due to fewer dust grains allows FUV photons to penetrate
deeper into the disk, driving dense gas flows and increasing the mass-loss rate. Below
Z = 0.1 Z⊙, the mass-loss rate declines because the reduced dust abundance renders the
photoelectric effect less effective. In this case, X-ray photons become the dominant heating
source. These results agree with Nakatani et al. [2018b], the first study to examine the
metallicity dependence of photoevaporation. A key distinction in our work is the inclusion
of H2 pumping in the chemical network. As shown in Chapter 3, the heating contribution
from H2 pumping is comparable to that from X-ray photons, which explains the consistency
with prior simulations.
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▶ Figure. 4.15

The photoevaporation mass loss rate of M∗ = 0.5 M⊙ (blue), M∗ = 1 M⊙ (orange),
M∗ = 3 M⊙ (green) varying the metallicity in the range of 10−2–1 Z⊙. In the case of
M∗ = 0.5 M⊙, the mass-loss rate stays constant because X-ray photons replace FUV photons
as the dominant heating source. In the case of M∗ = 1 M⊙, the mass-loss rate peaks at
Z = 0.1 Z⊙ because of low attenuation caused by reduced dust abundance. In the case of
M∗ = 3 M⊙, the mass-loss rate is low for Z < 1 Z⊙ because intermediate-mass stars have
low X-ray luminosity.
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▶ Figure. 4.16

The dust dispersal timescales of M∗ = 0.5, 1, 3 M⊙ with solar metallicity (blue) and 10
times lower metallicity (orange) calculated by long-term disk evolution simulations. The
dust dispersal timescales are shorter in low-metallicity cases for all stellar masses, with
values below 2 Myr. These short timescales are consistent with observations indicating a
low disk fraction and rapid disk dispersal in low-metallicity environments.

For the intermediate-mass case of M∗ = 3 M⊙, the mass-loss rate decreases as the
metallicity is reduced from solar values. The reduced efficiency of the photoelectric effect
directly lowers the mass-loss rate. Across all metallicities below solar, X-ray photons are
the dominant heating source, leading to a reduced mass-loss rate. The dependence of
photoevaporation on metallicity varies with stellar mass, primarily because of differences
in the relative efficiency of X-ray heating.

We also perform disk evolution simulations for Z = 0.1 Z⊙. Figure 4.16 shows the
dust dispersal timescales for both solar and low-metallicity cases. For all stellar masses
considered (M∗ = 0.5, 1, 3 M⊙), the dust dispersal timescale is shorter in low-metallicity
environments. The timescale is within 2 Myr for all cases.

To identify factors that shorten the dust dispersal timescale in low-metallicity
environments, we perform additional disk simulations. These simulations isolate the
effects of each metallicity-related update: stellar evolution, surface mass-loss rate, and
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stellar parameters Σ̇pe D
Z = Z⊙ case Z = Z⊙ Z = Z⊙ Z = Z⊙

Z = 0.1 Z⊙ case Z = 0.1 Z⊙ Z = 0.1 Z⊙ Z = 0.1 Z⊙
case A Z = 0.1 Z⊙ Z = Z⊙ Z = Z⊙
case B Z = Z⊙ Z = 0.1 Z⊙ Z = Z⊙
case C Z = Z⊙ Z = Z⊙ Z = 0.1 Z⊙

▶ Table. 4.3 The list of stellar mass, disk mass, and disk radius we used for the
simulations. Case A, B, C correspond to the additional simulations in which one of the
three parameters is set to Z = 0.1 Z⊙ value in order to investigate the cause of short dust
dispersal timescale.

the dust-to-gas mass ratio at the final stage. Each parameter is updated individually to the
Z = 0.1 Z⊙ value. The parameter sets for each calculation are listed in Table 4.3.

Figure 4.17 shows the dust dispersal timescales for the simulations in which each
parameter is individually updated to the Z = 0.1 Z⊙ value.

For M∗ = 0.5 M⊙, the dust dispersal timescale is the same as in the solar-metallicity case,
when the stellar parameters and the surface mass loss profile are updated to the Z = 0.1 Z⊙
values. The stellar luminosity gradually decreases along the Hayashi track, and the star does
not reach the main sequence before the disk disperses. The photoevaporation rate shows
little variation with metallicity and does not significantly impact overall disk dispersal. The
lower dust-to-gas mass ratio in the final stage shortens the dust dispersal timescale. Disks
around low-mass stars in low-metallicity environments become less observable as a result
of dust deficiency, but the absence of dust grains does not strongly influence disk evolution.
Observations of Hα emission lines from accreting gas in the Small Magellanic Cloud (SMC)
indicate that gas dissipation timescales are not shorter in low-metallicity environments.
This aligns with our finding that dust disks become unobservable earlier than the gas
components.

For M∗ = 1 M⊙, the dust dispersal timescale decreases because of enhanced
photoevaporation and a lower dust-to-gas mass ratio. Low metallicity accelerates stellar
evolution by enabling efficient radiative energy transfer, allowing the star to reach the
Henyey track before the disk disperses. The effective temperature increases during this
phase, but this increase does not significantly alter the dust dispersal timescale. The
chromospheric-origin FUV radiation dominates, with FUV photons penetrating deeper into
the disk in the Z = 0.1 Z⊙ case. These photons drive dense photoevaporative flows,
particularly in the outer regions, which contribute substantially to disk dispersal.

For M∗ = 3 M⊙, stellar evolution has the greatest impact on the dust dispersal timescale.
The star reaches the main sequence within 0.5 Myr, and its FUV luminosity increases by
three orders of magnitude. Initially, chromospheric radiation dominates FUV emission,
but after transitioning to the main sequence, photospheric radiation becomes the primary
source. The photoevaporation rate, proportional to L0.55

FUV, increases by a factor of 45. After
the transition to the main sequence, photoevaporation becomes the dominant dispersal
process and rapidly clear the disk gas, especially in the outer regions. The final dust-to-gas
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▶ Figure. 4.17

The dust dispersal timescales of M∗ = 0.5, 1, 3 M⊙ with solar metallicity (blue), 10
times lower metallicity (orange), and additional calculation: case A (green), case B
(red), and case C (purple). The details of each simulation paarmeter is shown in
Table 3. The additional simulations investigate the specific factors causing shorter dust
dispersal timescales in low-metallicity environments. Each parameter (stellar properties,
photoevaporation profile, and dust-to-gas mass ratio) is adjusted to the low-metallicity
value individually. The reasons for the shorter dust dispersal timescales differ by stellar
mass. For intermediate-mass stars, the transition to the main sequence accelerates gas
dispersal because of changes in stellar parameters. For low-mass and solar-mass stars, the
reduction in dust-to-gas mass ratio influences the shorter dust dispersal timescale. For
solar-mass stars, the enhanced photoevaporation also contribute to the rapid disk dispersal.
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mass ratio has a minimal effect on the dust dispersal timescales. The gas temperature
is primarily determined by stellar irradiation and increases with stellar mass. The high
bolometric luminosity leads to high temperatures, increasing the observable region because
the criterion includes Tgas ≥ 300 K. This expands the region to several to tens of au,
where gas remains until the final dispersal stage. The broad observable area makes the
dust dispersal timescale nearly equal to the gas dissipation timescale.

Our results show shorter dust dispersal timescales in low-metallicity environments
across all stellar masses. While the dominant mechanisms vary, this trend aligns with
observations showing disk dispersal within a few million years [Yasui et al., 2010].
Recent observations suggest that intermediate-mass stars in low-metallicity environments
maintain disk fractions similar to those in solar-metallicity regions [Yasui, 2021]. This
discrepancy may stem from not considering the evolution of X-ray luminosity. As stars
reach the main sequence, the FUV luminosity increases while the X-ray luminosity decreases
because of the loss of an active convective zone. X-ray photons provide free electrons
that enhance the photoelectric heating efficiency. A reduction in X-ray luminosity lowers
the photoevaporation rate, extending the dust dispersal timescale for intermediate-mass
stars. Although X-ray heating is not the dominant process, a significant decrease in X-ray
luminosity could lead to a low photoevaporation rate and a longer dust dispersal timescale,
potentially explaining the observed trend around intermediate-mass stars.

Higher-mass stars reach the main sequence more quickly. For example, a M∗ =
7 M⊙ star undergoes a transition within 105 yr, leading to intense photoevaporation
from an earlier stage. Disks around high-mass stars are likely to disperse even faster
in low-metallicity environments than in solar-metallicity cases. In our solar metallicity
simulations, disks around M∗ = 7 M⊙ stars already disperse within 1 Myr. In low-metallicity
environments, the timescale is expected to be even shorter, leaving little time for planet
formation.

Observations show higher gas giant occurrence rates in high-metallicity environments.
Stars in such environments evolve more slowly, exposing their disks to reduced
photoevaporation for longer periods. This slower evolution likely leads to extended dust
dispersal timescales around low to intermediate-mass stars, providing more time for planet
formation.

4.5.4 Implications for Disk Fraction

Disk evolution simulations for stars of various masses in low-metallicity environments
suggest that the dust dispersal timescale is shorter for all stellar masses compared
to solar-metallicity environments. Long-term simulations show that the dust dispersal
timescale is consistently within 2 Myr for all masses. This trend differs from that observed
in solar-metallicity environments. The disk fraction is predicted to decline steeply within
2 Myr because of the weak dependence of the dust dispersal timescale on stellar mass,
which aligns with the findings of Yasui et al. [2010].

The number of disk obsrvations in low-metallicity environments is limited. Additional
observations are needed to better understand the evolution of the disk fraction in these
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environments.

4.6 Chapter Summary

We have performed long-term disk evolution simulations that consider accretion,
magnetohydrodynamics winds, and photoevaporation for the first time. Additionally, we
assess the impact of FUV luminosity evolution during the transition to the main sequence.
Key findings from our study are summarized below:

• Viscous accretion primarily disperses gas in the inner regions, while photoevaporation
dominates gas dispersal in the outer regions. The efficient photoevaporation in the
outer region is a unique feature of the FUV photoevaporation model by Komaki et al.
[2021].

• MHD winds are less effective in directly dispersing gas, but induce significant
accretion by removing angular momentum from the disk, leading to greater mass
loss through accretion than through the winds themselves.

• For a 3 M⊙ star, the FUV luminosity increases by a factor of 100 when the star reaches
the main sequence at approximately 2.5 Myr, driving efficient photoevaporation and
rapid gas dispersal.

• The dust dispersal timescale, which corresponds to the observable timescale in the
infrared, peaks at approximately 6 Myr for a 2 M⊙ star among 0.1–7 M⊙. This
occurs because the star does not reach the main sequence within the gas dissipation
timescale, preventing enhanced photoevaporation. Instead, during the Henyey track,
the bolometric luminosity increases, expanding the observable region with T > 300 K
by a factor of 1.5 in the final 1 Myr.

• By incorporating stellar luminosity evolution, our simulations provide a more realistic
estimate of the dust dispersal timescale around solar to intermediate-mass stars.

• The dust dispersal timescale decreases with decreasing stellar mass, contrary to
observational trends. This discrepancy can be attributed to the magnetic field
strength, as shown by simulations in which the gas fails to disperse without magnetic
fields in the M∗ = 0.1 M⊙ case.

• Variations in surface mass-loss rates across photoevaporation models do not
significantly affect the dust dispersal timescale, but do determine the gas dissipation
timescale. Our latest model, which consistently incorporates FUV photoevaporation,
is crucial for understanding gas evolution in the outer disk regions.

Disks are often observed as part of star-forming regions and analyzed statistically.
Disk fraction provides insights into the evolutionary stage of the region. To compare our
simulations to observations, we derived disk fraction evolution for 10,000 disks using a
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stellar cluster model. Stellar mass, disk mass, and disk radius were assigned through Monte
Carlo sampling, and the dust dispersal timescale was estimated for each system.

• The calculated disk fraction matches observed values in the first few million years,
but underestimates it afterward

• The disk fraction depends on the assumed disk evolution model and the stellar mass
distribution in a star-forming region. The disk fraction becomes higher by 20% at
2 Myr when luminosity change by stellar evolution is included, which brings the disk
fraction closer to observations.

• We successfully reproduce the disk fraction of Lupus using the same stellar mass
distribution observed in Lupus, but our model fails to explain the disk fraction higher
than 20% observed in η Cha, emphasizing the importance of simulations that solve
dust evolution and the gas component.

Observations in the outer galaxy reveal lower disk fractions in low-metallicity
environments. Previous studies suggest that enhanced photoevaporation in these
environments, because of reduced attenuation, may accelerate disk dispersal. Since
photoevaporation is only one component of disk dispersal, it is unclear how its enhancement
affects overall disk dispersal when all processes are considered. We conducted disk
evolution simulations with Z∗ = 0.1 Z⊙ for M∗ = 0.5, 1, 3 M⊙. The dust dispersal timescales
are shorter for all stellar masses, but the causes vary by stellar mass.

• The dust dispersal timescales become half of the values in solar metallicity
environments, consistent with the observations.

• The specific mechanisms that cause the shortened lifetimes vary with stellar mass. For
low-mass stars, disks become unobservable due to dust abundance being reduced by
a factor of 10. For solar-mass stars, the photoevaporation mass-loss rate increases by
a factor of 2, leading to accelerated gas dispersal. For high-mass stars, intense FUV
radiation from an early transition to the main sequence (before 1 Myr) drives rapid
disk dispersal.

• These results highlight the importance of understanding disk dispersal within the
broader context of star-disk evolution.

We perform long-term disk evolution simulations with a complete set of all the major
disk dispersal processes. We perform disk evolution simulations with a variety set of disk
parameters such as stellar mass, initial disk mass, and disk radius. These results are
applicable to understanding disk evolution in various environments.
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5

Long-Term Evolution of Dust and Gas:
Impacts on Photoevaporation

Figures

5.1 Introduction to Dust Grains in Disks

Disk observations often focus on dust grains, which comprise only a small portion of the
disk material by mass. However, the physical dynamics within the disk is dominated by the
gas evolution. Many previous studies on disk evolution focus solely on gas dispersal and
estimate the distribution of dust grains using the dust-to-gas mass ratio observed in the ISM.
However, dust grains undergo several unique processes on relatively short timescales. The
commonly used dust-to-gas mass ratio is not applicable to disks at every stage of evolution.
This makes it challenging to infer the overall distribution of disk material based on dust
observations alone.

Long-term gas evolution simulations show that photoevaporation effectively removes
gas from the outer region. At the same time, theoretical studies on dust evolution
reveal that dust grains coagulate and undergo intense radial drift toward the central star,
reducing the dust-to-gas mass ratio in the outer regions. Photoevaporation depends on the
efficient heating of the gas. Radiative hydrodynamic simulations show that this heating
is primarily caused by the photoelectric effect on dust grains owing to FUV photons. This
process depends strongly on the FUV luminosity and the amount of dust grains present.
When dust grains are depleted in the outer regions, the photoevaporation efficiency may
decrease significantly. This research aims to gain a more realistic understanding of the
photoevaporation process. The coagulation of dust grains marks the onset of planet
formation. Several pathways for planetesimal formation have been proposed, such as
gravitational instability and streaming instability. These processes require a sufficiently high
dust-to-gas mass ratio to become effective. Understanding the distribution of dust grains in
a gas disk that undergoes dispersal is crucial.
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Previous studies have attempted to clarify the time evolution of dust size and spatial
distribution. Because of computational complexity and limitations, most research has not
incorporated detailed gas evolution, although gas density significantly affects dust size
distribution via turbulence and gas velocity influences dust spatial distribution via radial
drift.

In this section, we present long-term disk evolution simulations that consider both
gas and dust components. We include accretion, MHD winds, and photoevaporation for
gas dispersal processes. For dust size evolution, we incorporate collisional growth and
fragmentation. For dust radial evolution, we include radial drift, diffusion, and entrainment
by photoevaporative gas flows. Additionally, we account for how changes in the dust-to-gas
mass ratio affect photoevaporation. This is the first study to consider the feedback of dust
evolution on gas evolution.

5.2 Methods

We solve the long-term evolution of both gas and dust components around a solar-mass,
solar-metallicity star. For gas dispersal processes, we include accretion, MHD winds, and
photoevaporation. The detailed methodology is provided in Chapter 4.2; we introduce an
overview. The governing equation is given by

∂Σ
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+ 1
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∂

∂r
(rΣvr) + Σ̇w + Σ̇pe = 0,

where Σ̇w and Σ̇pe represent the surface mass-loss rates due to MHD winds and
photoevaporation. For MHD winds, we assume a ‘weak wind’ model in which 10% of
the energy from accretion launches MHD winds, and the rest heats the gas. This model
aligns closely with the observed dust dispersal timescales. The surface mass-loss rate due
to photoevaporation is derived from radiation hydrodynamic simulations.

The evolution of the dust surface density is given by:

∂Σd

∂t
+ 1

r

∂

∂r
(rΣdud) − 1

r

∂

∂r

[
rΣDd

∂

∂r

(Σd
Σ

)]
+ Σ̇ent = 0, (5.1)

where Σ̇ent is the mass-loss rate of dust grains due to entrainment by gas flows. The second
term describes the radial drift toward the central star. The difference in velocities between
gas and dust, caused by their interaction, results in the deviation of the dust velocity from
the Keplerian motion. Gas moves sub-Keplerian because of pressure and also moves toward
the star via viscous accretion. The gas velocity deviations from Keplerian motion are given
by:

rΣv′
gas,r = − 2

rΩK

[
∂

∂r
(r2Σαc2

s ) + r2αz(ρc2
s )mid

]
(5.2)

for the radial direction, and:

v′
gas,ϕ = 1

2
c2

s
vK

∂ ln P

∂ ln r
, (5.3)
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for the azimuthal direction, where vK is the Keplerian velocity. In the ϕ direction, gas
pressure gradients cause deviations from the Keplerian motion, typically resulting in a
headwind felt by dust grains.

The dust velocity deviations from Keplerian motion (v′
dust,r, v′

dust,ϕ) are calculated by
solving the equations of motion for radial and angular momentum:

v′
dust,r = 2St

St2 + 1v′
gas,ϕ + 1

St2 + 1v′
gas,r

v′
dust,ϕ = 1

St2 + 1v′
gas,ϕ − 1

2
St

St2 + 1v′
gas,r,

(5.4)

where St is the Stokes number, a dimensionless parameter representing the coupling
between gas and dust.

The Stokes number is given by:

St =
[ πaρdust

2Σ (Epstein regime)
2
9

√
π
8

a2ρdustΩK
csρλgas

(Stokes regime),
(5.5)

where a, ρdust, ρ, and λgas represent the dust grain radius, solid density of dust, gas density,
and gas mean free path, respectively. The Epstein regime applies to small dust grains (a <

λgas), where dust is well-coupled with gas. In the Stokes regime (a > λgas), dust grains are
less affected by gas motion. Both regimes are covered in our calculation.

The third term in the dust evolution equation represents diffusion. The diffusion
coefficient for dust is given by Youdin and Lithwick [2007] as:

Dd = 1
St2 + 1Dg, (5.6)

where Dg is the gas diffusion coefficient, derived under the assumption of Keplerian motion.
Dust grains go through coagulation and fragmentation by collisions with each other.

The dust grains eventually grow to sizes on the order of cm. There are several possible
reactions followed by collisions between dust grains; sticking, fragmentation, erosion, and
bouncing. Sticking occurs when two grains collide and combine to form a larger particle.
Fragmentation occurs when grains collide at high velocities and shatter into smaller pieces.
Erosion is a process in which small grains chip larger grains, and bouncing is that colliding
grains separate without any change in size Windmark et al. [2012]. The relative velocity
of the dust grains determines which of these processes occurs. The boundary between
sticking and fragmentation is defined by the fragmentation velocity. Experiments suggest
that this velocity ranges between 102–103 cm s−1, depending on the dust composition, such
as silicate or water ice. For simplicity, we assume a constant fragmentation velocity of
102 cm s−1 across the entire disk.

It is important to calculate the relative velocities of dust grains in detail because they
vary with particle size. Simulations using only two dust size models fail to capture the dust
size distribution properly because fragmentation limits vary are not traced comprehensively.
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In this calculation, dust grains are considered in a wide range from 10−16 to 104 g, divided
into 150 logarithmic bins. The solid density is set to 1.67 g cm−3. The size range corresponds
to the radii from 2.4 × 10−6 cm to 11.26 cm, allowing us to obtain a realistic dust size
distribution.

The relative velocity between grains of different sizes is calculated based on five
processes: Brownian motion, azimuthal drift, radial drift, settling toward the midplane,
and turbulence. The method from Stammler and Birnstiel [2022] is used to compute these
velocities. The total relative velocity is expressed as:

vrel
ij =

√
(vrel,brown

ij )2 + (vrel,azi
ij )2 + (vrel,rad

ij )2 + (vrel,sett
ij )2 + (vrel,turb

ij )2 (5.7)

where i and j refer to the size bins of the two colliding grains. The terms vrel,brown
ij ,

vrel,azi
ij , vrel,rad

ij , vrel,sett
ij , and vrel,turb

ij represent the relative velocities due to Brownian motion,
azimuthal drift, radial drift, settling, and turbulence.

The relative velocity from Brownian motion is determined by the reduced mass and is
given by:

vrel,brown
ij =

√
8kBT (mi + mj)

πmimj
, (5.8)

where mi and mj are the masses of grains in bins i and j. The relative velocity arises among
the dust grains of the same size.

Radial drift, azimuthal drift, and settling velocities depend on grain size. Larger grains
experience stronger settling toward the midplane. The settling velocity is:

usett = −zΩKSt. (5.9)

which depends on the height z above the midplane. The vertical distribution of dust grains
is controlled by a balance between settling and diffusion:

∂ρdust

∂t
+ ∂

∂z

(
ρdustusett − Ddρ

∂

∂z

(
ρdust

ρ

))
= 0, (5.10)

where ρgas and ρdust are the gas and dust local densities. Assuming St ≪ 1, the dust scale
height Hd can be expressed using the gas scale height H:

Hd =
√

α

α + St
H. (5.11)

The relative velocity due to settling is calculated using Eq. 5.9 and Eq. 5.10. The velocity
difference caused by turbulence, vrel,turb

ij , is calculated following the theoretical calculation
with the assumption of Kolmogorov law by Ormel and Cuzzi [2007].

Dust grains collide with velocities derived as explained above. Several outcomes are
possible after collisions: sticking, fragmentation, erosion, and bouncing. When the collision
velocity is low, the dust grains stick together to form a larger particle. At higher velocities,
dust grains shatter into many smaller particles. When one grain is much larger than the
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other, the smaller grain chips the larger one, which is called erosion. The final possible
outcome is bouncing, where grains collide, but no change occurs in their size. Simulations
suggest that bouncing is rare for grains smaller than 100µm and can be neglected [Wada
et al., 2011]. We do not include bouncing in this calculation.

The boundary velocity that separates sticking and fragmentation is called fragmentation
velocity, vfrag. Experiments and theoretical studies suggest vfrag = 102 cm s−1 for silicate
grains [Blum and Münch, 1993, Poppe et al., 2000, Leinhardt and Stewart, 2009].
Dust grains consist of various compounds such as silicates, carbonates, water ice, and
ammonia. The fragmentation velocity depends on the grain composition. Because water
and carbonates have specific snowlines where their states change between solid and gas,
grain composition also depends on disk position. For simplicity, we assume a constant
vfrag = 102 cm s−1 throughout the disk. Whether a collision results in fragmentation or
erosion depends on the size ratio of the colliding grains. If the radius ratio exceeds 10, the
collision results in erosion; otherwise, it leads to fragmentation.

The reaction rates for sticking and fragmentation (or erosion) are given by:

Rf
ij = σgeo∆v̄pf

ij

Rs
ij = σgeo∆v̄ps

ij ,
(5.12)

where σgeo is the geometric cross-section of the colliding particles. The subscript f refers to
fragmentation, and s refers to sticking. While collision outcomes are determined by relative
velocity, the transition between sticking and fragmentation is smooth. Probability functions
pf

ij and ps
ij define the likelihood of each outcome. The dust density is assumed to be constant

at 1.67 g cm−3 throughout the calculation. After a sticking event, the newly formed particle
is assigned to a size bin corresponding to its mass. If its mass falls between two bins, it is
distributed proportionally to maintain mass conservation. For fragmentation, experimental
results show that the resulting size distribution follows n(m)dm ∝ m−11/6dm. We use this
relation to distribute the fragments. The dust size range covers 10−16–104 g, corresponding
to dust radii of 0.024µm–11 cm in our simulations. Observations of the interstellar medium
suggest dust grains range from 0.005µm to 1µm, with a power-law distribution of −3.5
in the 0.005µm to 0.25µm range. We assume that the initial dust size distribution follows
a power-law of −3.5 in the range of 0.024µm–1µm. We set the lower limit at 0.024µm to
reduce computational load and include grains up to cm sizes to investigate planet formation.

The theoretical maximum size of dust grains, called the fragmentation radius afrag, is
the size where relative velocity equals the fragmentation velocity. By assuming turbulence
dominates the relative velocity, afrag is given by:

afrag = 2Σ
παtρdust

v2
frag

c2
s

∼ 3.8 cm
( Σ

10 g cm−2

)(
cs

104 cm s−1

)−2
.

(5.13)

This gives the maximum grain size, balancing coagulation and fragmentation. Our
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calculation includes this range, ensuring realistic size distribution.
The MRN distribution is assumed in the range of 0.024–1µm as the initial condition.

Since our calculation aims to follow disk evolution from the beginning, we set the upper
limit to 1µm, which is the common upper limit obtained in the interstellar medium. We
exclude dust grains smaller than 0.024µm because of computational limitations. According
to the MRN distribution, small dust grains in the range of 0.005–0.024µm account for 9% of
the total dust mass in the 0.005–1µm range. We set the initial dust disk mass to 0.01 × 0.9
of the gas disk mass.

To obtain a realistic understanding of photoevaporation, we include stellar evolution
and the decline of small dust grains in our calculation. Previous dust growth simulations
show that the size distribution of small dust grains (< 0.1µm) is dominated by
fragmentation and follows a power-law relation. This means that once the abundance
of one size bin is known, the abundance in other bins and the total mass of small grains
(< 0.01µm) can be inferred. We calculate the local abundance of small dust grains at
a = 0.024µm and estimate the total amount of grains smaller than a = 0.024µm. Comparing
this value to the MRN distribution, we estimate the practical dust-to-gas mass at each radius.

The photoevaporation rates for dust-to-gas mass ratios in the range 10−4–10−1 are fitted
as:

Ṁpe = 6.4 × 10−0.23(log10 D)2−0.73(log10 D)−10 M⊙ yr−1. (5.14)

As shown in Chapter 3, photoevaporative flows are driven by the heating from the
photoelectric effect of dust grains when D ≥ 10−3. However, the photoevaporation rate
does not continue to decrease below D = 10−3 because H2 pumping and X-ray photons
take over as the main heating sources and drive photoevaporative flows. Therefore, we set a
lower limit of 1.0 × 10−10 M⊙ yr−1 for the mass-loss rate. The ratio of the photoevaporation
rate calculated with the local dust-to-gas mass ratio to the fiducial rate at D = 0.01 is
parameterized, and the surface mass-loss profile is given by:

Σ̇pe = β × ζ(r)Σ̇pe,ini, (5.15)

where Σ̇pe,ini represents the photoevaporation rate with fiducial stellar luminosity and D =
0.01. In the equation, β represents a scaling parameter for FUV luminosity. The parameter
ζ(r) is calculated by interpolating the practical dust-to-gas mass ratio for the mass-loss rate
and normalizing it by the fiducial surface mass-loss rate at D = 10−2.

Dust entrainment is also included. Small dust grains are mixed with gas and entrained
by gas flows. When the drag force acting on the dust grains exceeds gravity, the dust grains
are carried away with the gas. A boundary dust radius, aent, determines whether dust is
entrained. Hydrodynamics simulations suggest that dust grains smaller than 10µm are lost
with photoevaporative flows around T Tauri stars. We calculate aent at each position and
time step, allowing only grains smaller than this boundary to be lost. It is assumed that the
dust and gas are well-mixed, so their proportions in the wind match those in the disk.

We perform long-term disk evolution simulations for both gas and dust components. For
the fiducial case, we use M∗ = 1 M⊙, D = 0.01, and Mdisk = 0.0117M∗. We also perform
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▶ Figure. 5.1

The time evolution of mass-loss rate due to accretion (blue), MHD winds (orange),
photoevaporation (green), and the total (red). Accretion is the dominant disk dispersal
process in the first 10 Myr, the dominant dispersal process is replaced by photoevaporation.
The mass-loss rate by photoevaporation decreases in the first 1 Myr because of the rapid
clearance of dust grains.

simulations without dust entrainment and for a lower metallicity of Z = 0.1 Z⊙ to study
dust abundance and photoevaporation in low-metallicity environments.

5.3 Results

In this section, we discuss the realistic photoevaporation in an evolving disk. This is the
first simulation to incorporate all three major disk gas dispersal processes while considering
dust growth and surface density evolution.

5.3.1 Variations and Impacts on Photoevaporation

Figure 5.1 shows the time evolution of the mass-loss rate for each disk dispersal process:
accretion, MHD winds, and photoevaporation. Figure 5.2 compares the photoevaporation
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▶ Figure. 5.2

The time evolution of photoevaporation rate in calculations without dust components (blue)
and with dust components (orange). In the calculation considering dust evolution, the
amount of dust grains decreases within 1 Myr. The practical dust-to-gas mass ratio is 10−4

throughout the disk and the photoevaporation rate is the value at the dust-deficient limit.
The decreased photoevaporation rate elongates the gas dissipation timescale by a factor of
2.5, while the dust dispersal timescale does not vary. This confirms that photoevaporation
is a process efficient in the outer region.
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rates between simulations with and without dust evolution. Accretion is the dominant
process within the first 10 Myr, but after that, photoevaporation becomes the main dispersal
process. This transition from accretion to photoevaporation is consistent with simulations
in which only the evolution of the gas surface density is solved. However, the transition
is delayed in simulations that include dust evolution because the photoevaporation rate is
lower. The reduced photoevaporation rate is attributed to the low dust-to-gas mass ratio of
small dust grains.

The dust-to-gas mass ratio remains approximately at its initial value of ∼ 10−2 during
the first million years, but drops to ∼ 10−4 over the next few millions of years. We estimate
the dust dispersal timescale using the same criteria introduced in Chapter 4.2.6. Dust grains
are considered observable when two conditions are satisfied: Σdust ≥ 0.1 g cm−2 and Tgas ≥
300 K. The rapid decline in the dust-to-gas mass ratio results in a short dust dispersal
timescale of 2.5 Myr, even though the gas dissipation timescale is longer in simulations
with dust evolution.

Figure 5.3 shows the dust size distribution at r = 1, 10, 30, 100 au at the age of 0.1
and 1 Myr. There are two main reasons for the rapid decrease in the dust-to-gas mass
ratio throughout the disk. The first is dust coagulation and accretion. The dust grains
grow to sizes of ∼ 0.1 cm through coagulation. These larger grains are accreted onto the
star and are cleared within 1 Myr. The second is dust-size redistribution. Several physical
parameters, such as gas surface density, temperature, and turbulence, influence the dust
size distribution. Birnstiel et al. [2010] demonstrated that gas surface density plays a more
crucial role than dust surface density. The low gas surface density leads to higher relative
dust velocities because of increased Stokes parameters. The dust collisions are more likely
to result in fragmentation than coagulation. This is suggested by the relation between the
fragmentation radius and the gas surface density following afrag ∝ Σ (see Eq. 5.13). The
large grains are no longer created.

To estimate the realistic local photoevaporation rate, we calculate the practical
dust-to-gas mass ratio, which is derived by determining the ratio of small dust grain surface
density to gas surface density and comparing it to the corresponding ISM value. The
practical dust-to-gas mass ratio drops below 10−4 within a million years across the disk.
This decline in small dust grains reduces the photoevaporation rate.

The reduced photoevaporation rate leads to a longer gas dissipation timescale. However,
this is not the only observable change by incorporating dust evolution in the calculation.
A notable difference is observed in the disk radius. Figure 5.4 illustrates the disk gas
radius in simulations with and without dust evolution. The disk radius is defined as the
location where the gas surface density is below 10−2 g cm−2. Although the decrease in disk
radius is more rapid in the simulation without dust evolution, the disk radius increases
to 130 au because of viscous spreading in the simulation with dust evolution. A lower
photoevaporation rate results in a larger disk gas radius. Photoevaporation is the primary
gas dispersal process in the outer regions of the disk.

Figure 5.2 shows the photoevaporation rate over time. When dust evolution is included,
the practical dust-to-gas mass ratio reduces the photoevaporation rate by a factor of ∼ 5.3.
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▶ Figure. 5.3

The dust size distribution at r = 1, 10, 30, 100 au at the age of 0.1 (solid line) and 1 Myr
(dotted line). The color variation corresponds to the location: r = 1 au (navy), r = 10 au
(gray), r = 30 au (cloudy yellow), r = 100 au (yellow). The maximum dust size decreases
rapidly at r = 1 au as ∼ 0.1 cm size dust grains accrete on to the star and that size dust are
not created because of the decreased gas surface density (see Eq. 5.13).
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▶ Figure. 5.4

The time evolution of disk gas radius in the simulations without solving dust evolution
(blue) and solving dust evolution (orange). In the calculation without dust evolution, the
radius decreases monotonically because photoevaporation contributes to mass-loss from
the outer region. In contrast, in the calculation with dust evolution, the disk gas once
decreases because of photoevaporation but increases after that. The increase is caused by
redistribution of angular momentum due to viscosity and inefficient photoevaporation in
the outer region. The low photoevaporation rate leads to longer lifetime in the calculation
considering dust evolution.
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This reduction is less than the expected value of 2.7 × 10−9/1.0 × 10−10 ∼ 27, which is
derived from the photoevaporation rate at D = 10−2 and the lower limit. This discrepancy
arises because of the larger gas disk radius. A lower photoevaporation rate contributes to a
larger disk radius because photoevaporation is the dominant process in the outer disk. The
mass-loss rate by photoevaporation is given by

Ṁpe =
∫ rout

rin

Σ̇pe dr.

The mass-loss rate increases with disk radius. This explains why the mass-loss rate remains
relatively high, even when the practical dust-to-gas mass ratio is ∼ 10−4.

The dust dispersal timescale does not change significantly when considering the local
abundance of small dust grains. This is because the dust dispersal timescale corresponds
to the dispersal of the inner region, where the impact of changes in photoevaporation is
less significant. However, it is important to note that gas dispersal is sensitive to the lower
limit of the photoevaporation rate set for cases with a low dust-to-gas mass ratio. We
set this lower limit to 1.0 × 10−10 M⊙ yr−1. As discussed in Chapter 3, disk gas in these
cases is mainly heated by H2 pumping and X-ray photons. For intermediate-mass stars,
such as a 3 M⊙ star, the X-ray luminosity drops to ∼ 1028.7 erg s−1 after the star reaches
the main sequence. This low X-ray luminosity cannot sustain a high mass-loss rate of
photoevaporation. Nakatani et al. [2021] showed that the photoevaporation rates decrease
to ∼ 2.0 × 10−11 M⊙ yr−1 around A-type stars when there are no small dust grains capable
of photoelectric heating. In such cases, the dust dispersal timescale is expected to be longer.

To study the effect of MHD winds on dust evolution, we also perform disk evolution
simulations without magnetic fields. We still assume a viscous parameter of αrϕ = 10−4

because a minimal level of turbulence maintains viscosity. Without magnetic fields, disk
dispersal is delayed because MHD winds contribute to efficient accretion by taking angular
momentum.

Taki et al. [2021] investigated the effects of MHD winds on dust growth. Our fiducial
calculation aligns with their weak turbulence + weak mass loss + Σ-dependent case,
showing a dust-to-gas mass ratio of ∼ 10−4 across most of the disk, consistent with our
findings. However, at r ∼ 1 au, their calculations show km-sized dust grains, which differ
from our results. This discrepancy arises because their calculations exclude fragmentation.
As the gas surface density decreases, the fragmentation limit shifts toward smaller grain
sizes, preventing steady growth to larger grains during the later stages of disk dispersal.
This highlights the critical role of fragmentation in limiting dust growth.

We do not observe pressure bumps even though the surface density profile does not
strictly follow a negative power-law relation with radius. This is because the temperature
profile follows r−1/2, primarily determined by irradiation from the central star. Our
temperature calculation incorporates both stellar irradiation and viscous heating, with
stellar irradiation dominating the thermal structure. Taki et al. [2021] similarly considers
only stellar irradiation, resulting in comparable temperature profiles. The assumption of an
optically thin disk impacts the calculation of the temperature profile.
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Our simulation calculates a vertically averaged temperature as a function of radius.
In contrast, the radiative hydrodynamic simulations discussed in Chapter 3 separately
calculate the gas and dust temperatures in a two-dimensional way, and these results
suggest that the gas temperature reaches 300–400 K on the disk surface, while ∼ 50 K in
the midplane in a wide radial range. This vertical temperature gradient could lead to a
shallower pressure gradient in the midplane.

Temperature also plays a crucial role in dust size distribution. The relative velocity of
dust grains, which governs their growth or fragmentation, is largely determined by gas
turbulence characterized by local sound speed. A decrease in sound speed at the midplane
may promote coagulation over fragmentation. Birnstiel et al. [2011] demonstrated that
the fragmentation radius increases by a factor of ∼ 5 when the gas temperature decreases
by a factor of 10. Our primary focus is on the spatial distribution of small dust grains
that contribute to gas heating via the photoelectric effect, and these grains are well-mixed
with gas and do not settle to the midplane like larger grains. However, future disk
evolution simulations that incorporate vertical temperature variation will be essential to
fully understand the evolution of dust grains from fragmentation to planetesimal formation.

We confirm that the dust-to-gas mass ratio remains close to its initial value of ∼ 10−2

during the first million years but decreases by a factor of 100 over the subsequent few million
years. The radial drift velocity of dust grains at the fragmentation radius is ∼ 10 cm s−1

within 60 au. Beyond this radius, the density profile becomes steeper due to the cut-off,
leading to higher radial drift velocities for dust grains. Multi-wavelength observations
suggest that the dust dispersal timescale does not depend on the wavelength used for
observations, which corresponds to the temperature of dust grains. This indicates that
the dust dispersal timescale is uniform across disk positions. To compare our simulation
results with observations, we calculate the evolution of dust grains over a wide range of
radii and derive the local mass-loss timescale from the simulations. The mass flux of dust
grains with a specific size i due to radial drift and diffusion is given by:

Jd,i = Σdud − ΣDd
∂

∂r

(Σd

Σ

)
(5.16)

The surface mass-loss rate of dust grains with size i is derived as

Σ̇d,i = −1
r

∂

∂r
(rJd,i) . (5.17)

We define the local mass-loss timescale as the period required for all dust grains of all sizes
to disperse. For dust grains of a specific size i, the timescale is given by:

tdis,i = Σd

ΣiΣ̇d,i

. (5.18)

Figure 5.5 shows the derived local mass-loss timescale. Although observations at
various wavelengths indicate a consistent dust dispersal timescale, our results show that
the local mass-loss timescale varies, peaking at 0.8 Myr at r = 60 au. We also note that
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▶ Figure. 5.5

The local mass-loss timescale at 1 Myr. This timescale is derived by accounting for radial
drift and diffusion. The local surface mass-loss rate is calculated as the sum of the surface
mass-loss rates for each dust size. The local mass-loss timescale reaches a peak of 0.8 Myr
at r = 60 au. It should be noted that the total surface mass-loss rate may be overestimated
because larger dust grains, which are removed quickly, still contribute to the mass-loss rate
calculation.
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the photoevaporation rate decreases over time due to the diminishing amount of small dust
grains. Consequently, the local mass-loss timescale is expected to be longer in the outer
regions of the disk.

5.3.2 Dust Entrainment and Its Effect on Dust Abundance

Dust entrainment occurs when gas flows carry away small dust grains as they are well mixed
with the gas. Since photoevaporation is mainly driven by heating from the photoelectric
effect on dust grains, the amount of small dust grains is crucial for disk evolution, especially
in the outer regions where photoevaporation is most effective.

We performed additional simulations without dust entrainment and without dust
growth, each to estimate the impact of each process. Figure 5.6 shows the evolution of
photoevaporation rates, and Figure 5.7 illustrates the time evolution of the disk radius.
Dust growth removes small grains through coagulation. In scenarios where dust growth is
not included, the photoevaporation rate remains the highest, sustaining 10−9 M⊙ yr−1 for
3 Myr.

In calculations without dust entrainment, the photoevaporation rate is nearly the same
as in scenarios with entrainment, despite a smaller disk radius. This is because the
practical dust-to-gas mass ratio at the outer radius is higher without entrainment. Dust
entrainment removes small grains in photoevaporative winds, but in this scenario, the
practical dust-to-gas mass ratio remains around 10−2 at the outermost radius, maintaining
the mass-loss rate by photoevaporation.

The dust dispersal timescale is 2.55 Myr and does not change when dust entrainment is
considered. Within 50 au, the dust-to-gas mass ratio remains the same. In the inner regions,
disk dispersal is dominated by accretion and MHD winds, resulting in similar dust surface
densities and equivalent dust dispersal timescales.

We assume that photoevaporative gas flows primarily drive dust entrainment. However,
MHD winds can also contribute to dust entrainment. The surface mass-loss rate of MHD
winds is proportional to the local surface density, so the mass-loss rate is concentrated in
the inner disk. At r = 1 au and 1 Myr, the dust size distribution peaks around 0.3 cm. Only
µm size dust grains are entrained by gas flows. As a result, we expect that dust loss due
to MHD winds has a minimal impact on the overall disk dispersal and the dust dispersal
timescale.

In the calculation without dust growth, the time evolution of photoevaporation does not
differ from that in the simulation without considering dust grains at all, where the dust size
distribution of the ISM is employed. This comparison highlights the impact of dust growth
on dust spatial distribution.

The disk radius decreases over time as the gas disperses. The sustained
photoevaporation rate contributes to disperse gas in the outer region, leading to a decrease
in the disk radius. The dust dispersal timescale is 3.05 Myr, while the gas dissipation
timescale is 6.7 Myr. Following the ISM, we assume an initial dust size distribution where
all dust grains are smaller than 1 µm. Without strong radial drift toward the star, the
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▶ Figure. 5.6

The time evolution of photoevaporation rates in the calculations considering both
entrainment and dust growth (orange), without considering entrainment (green), and
without considering dust growth (purple). The photoevaporation rate does not vary when
entrainment is omitted as a result of balance between sustained practical dust-to-gas mass
ratio in the outer region and reduced disk radius due to photoevaporation. In the scenario
where dust growth is omitted, the practical dust-to-gas mass ratio does not decrease from
10−2 because small um-size dust grains are not removed by dust growth. This results in a
sustained photoevaporation rate even though the disk radius decreases because of efficient
mass loss by photoevaporation.
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▶ Figure. 5.7

The time evolution of photoevaporation rates in the calculations considering both
entrainment and dust growth (orange), without considering entrainment (green), and
without considering dust growth (purple). In the calculation without entrainment, the
disk radius is constant at rout ∼ 85 au because of a balance between spreading by viscosity
and mass-loss by photoevaporation. In the calculation without dust growth, the disk radius
decreases rapidly by efficient photoevaporation.
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dust-to-gas mass ratio increases from 10−2 and exceeds one by 5 Myr. This high dust-to-gas
mass ratio extends the dust dispersal timescale.

By comparing simulations with and without dust growth and entrainment, we identify
the impact of each process. Dust coagulation removes the dust from the disk, affecting
both the dust dispersal timescale and the gas radius. Dust entrainment disperses small
grains at the outermost radius, resulting in a larger gas radius because of less effective
photoevaporation. However, dust entrainment does not significantly affect the gas and dust
evolution in the inner region, so the dust dispersal timescale remains unchanged. We argue
that incorporating dust growth is essential to understanding the dust dispersal timescale.
Dust entrainment should also be included to accurately reproduce the gas distribution.

5.3.3 Effects of Low Metallicity on Dust and Gas Evolution

To better understand disk dispersal in a low-metallicity environment, we perform long-term
disk evolution simulations of gas and dust grains with Z = 0.1 Z⊙ around a M∗ = 1 M⊙ star.

Because the dust size distribution depends more on the gas surface density than on the
dust surface density, the ratio of coagulated dust grains does not vary with the dust-to-gas
mass ratio. The grown dust grains are quickly removed by radial drift, so the fraction of
dust cleared from the disk does not depend on the local dust surface density.

In Chapter 4.5, where we discuss disk dispersal in low-metallicity environments, we
assume that the dust-to-gas mass ratio remains low at the final stage of disk dispersal. The
results of our disk evolution simulation, which includes both gas and dust grains, confirm
that this assumption is valid.

5.3.4 Implications for Protoplanetary Disk Fraction

The dust dispersal timescale decreases by 1 Myr around a M∗ = 1 M⊙ star. This reduction
is caused by the low abundance of dust grains. The initial dust size distribution is set to
match the distribution observed in the ISM. In the simulation, we assume that the dust
particle density is constant at 1.67 g cm−3 throughout the calculation. Recent studies of
dust collisions suggest that dust grains can coagulate with porosity, allowing them to grow
without experiencing strong radial drift. This process prevents 1 cm-sized dust grains from
quickly moving to the central star on a timescale of 100 yr. Including this effect would result
in a higher dust-to-gas mass ratio and would likely extend the dust dispersal timescale. The
shift in the disk fraction would be less than 1 Myr, leading to a lower overall disk fraction.

This underscores the importance of incorporating dust evolution in disk evolution
calculations. The shorter dust dispersal timescale observed around low- to solar-mass stars
in low-metallicity environments can largely be attributed to the scarcity of dust grains.
Many studies of disk evolution have primarily focused on the evolution of the gas surface
density, often assuming a constant dust-to-gas mass ratio of 0.01 as seen in the ISM.

It is also worth noting that the disk surface is heated by radiation from the central
star. In the long-term disk evolution simulations, we calculate the temperature averaged
in the z-direction. Radiation hydrodynamic simulations of photoevaporation show that
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the temperature can reach a few hundred K. Given that the gas dissipation timescale is
generally longer than the dust dispersal timescale, it is possible that the dust dispersal
timescale approaches the gas dissipation timescale.

5.4 Chapter Summary

Photoevaporation is an important process that contributes to disk dispersal. Previous
theoretical research highlights its importance, as mass loss from photoevaporation enables
a disk to fully disperse. Radiation hydrodynamic simulations of photoevaporation
incorporating FUV, EUV, and X-ray photons show that FUV photons mainly heat the gas
through the photoelectric effect on dust grains. Dust grains undergo different physical
processes compared to gas, leading to a locally varied dust-to-gas mass ratio. Previous
studies mainly focused on understanding either dust or gas evolution in a disk, therefore
the other one is incorporated with simple assumptions and approximations. Our work aims
to reproduce a realistic photoevaporation profile while considering dust evolution for the
first time.

We perform long-term disk evolution simulations that include both gas and dust
components consistently. We consider coagulation, fragmentation, radial drift, diffusion,
and entrainment for dust evolution. Dust growth and radial drift contribute to dust
clearance in the disk and thus influence the dust dispersal timescale. The rapid radial
velocity greater than 10 cm s−1 reduces the abundance of small dust grains to the level
of 0.01 of the ISM value in a million years, leading to the low photoevaporation
rate. In contrast, dust entrainment does not affect the dust dispersal timescale, as
photoevaporation remains efficient in the outer region. Reducing small dust grains
decreases the photoevaporation rate and results in a larger gas disk, aligning well with
observations by Ansdell et al. [2018]. The evolution of dust grains has been expected to lead
to a low photoevaporation rate, but our work is the first to show the impact quantitatively.
We argue that the abundance of dust grains of µm size is critical for the spatial distribution
of the gas, since photoevaporation determines the outer edge of the gas disk, emphasizing
the great importance of modeling photoevaporation in a realistic manner.
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6

Summary and Conclusion

More than 5000 planets have been discovered. These planets exhibit diversity in physical
properties, such as stellar mass, planet mass, and orbital period. A protoplanetary disk
is a circumstellar structure composed of gas and dust grains and a natal environment for
planets. The diversity of planets is thought to result from different disk evolution pathways.
Since planets are formed from disk material, understanding disk evolution is crucial for
studying planet formation. This study aims to understand the gas and dust dispersal and
evolution and provide the possible position and timing for planet formation to occur.

Disks are observed in groups within star-forming regions. The disk fraction, which is
the ratio of stars with surrounding disks, is often used to describe the evolutionary stage of
these regions. Observations of nearby stellar clusters suggest that the disk fraction decreases
within a few million years, indicating that individual dust dispersal timescales are also a few
million years.

Theoretical studies identify three major gas dispersal processes in disks: accretion,
magnetohydrodynamical (MHD) winds, and photoevaporation. Accretion explains the
power-law surface density profile observed in disks. Photoevaporation is essential for
dispersing disks within a limited time by driving mass-loss from the outer regions.
Radiation hydrodynamic simulations show that FUV photons heat the disk gas through the
photoelectric effect on dust grains. This highlights the importance of FUV luminosity and
dust abundance for disk dispersal. Komaki [2022] conducted photoevaporation simulations
with varying FUV luminosities by two magnitudes and derived the relation Ṁpe ∝ L0.55

FUV.
In Chapter 3, we perform radiation hydrodynamic simulations varying the dust-to-gas

mass ratio in the range of 10−6–10−1. The simulations solve radiative transfer,
hydrodynamics, and non-equilibrium thermochemistry simultaneously while FUV, EUV,
and X-ray photons are incorporated as high-energy photons from the central star. When
D ≥ 10−2, the photoelectric effect by FUV photons dominates gas heating at the
photoevaporative base. In the case of D = 10−3, the heating from the photoelectric effect,
H2 pumping, and X-ray ionization contribute equally. When D < 10−3, the photoelectric
effect becomes inefficient and H2 pumping heats the inner regions, while X-ray photons heat
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the outer regions. The mass-loss rate decreases with lower dust-to-gas mass ratios but does
not continue to decrease because H2 pumping and X-ray heating are independent of dust
abundance. This study quantitatively demonstrates, for the first time, the dependence of
the photoevaporative mass-loss rate on the dust-to-gas mass ratio, establishing an essential
connection between dust evolution and gas dispersal. As the primary cooling mechanism at
the photoevaporative base in dust-deficient disks is O I line cooling, we emphasize that the
gas temperature profile in such disks cannot be approximated by the low-metallicity case.
We also derive the surface mass-loss profile of photoevaporation for various dust-to-gas
mass ratios, which makes it applicable to disk evolution simulations.

Photoevaporation is one of the major disk dispersal processes, but understanding the
entire mechanism requires incorporating all of the processes. In Chapter 4, we perform
long-term disk evolution simulations for a wide stellar mass range of 0.1–7 M⊙. The
simulations include accretion, MHD winds, and photoevaporation, along with stellar
evolution that updates stellar parameters over time. The surface mass-loss profile for
photoevaporation is derived using two-dimensional radiation hydrodynamics simulations
that account for FUV, EUV, and X-ray photons as high-energy radiation from the central
star. This is the first disk evolution simulation to include a realistic and comprehensive
photoevaporation profile. We confirm that differences in the radial dependence of
photoevaporation models lead to variations in the gas dissipation timescale. This highlights
the importance of using realistic photoevaporation models to understand the evolution of
gas distribution and reveals the limitations of earlier models. Stellar evolution significantly
impacts solar to intermediate-mass stars. This finding aligns with the results of Kunitomo
et al. [2021], and we demonstrate that this trend holds true when all major disk dispersal
processes are considered comprehensively for the first time. For solar-mass stars, the
FUV luminosity decreases along the Hayashi track, as the main source of FUV radiation
is chromospheric. This gradual decrease challenges the assumption of constant FUV
luminosity in simulations. Intermediate-mass stars reach the main sequence within a few
million years, which is shorter than the typical dust dispersal timescale. The transition to
the main sequence causes a sharp increase in FUV luminosity, enhancing photoevaporation
and leading to rapid disk dispersal. In contrast, disks around low-mass stars of M∗ < 2 M⊙
disperse before the star reaches the main sequence.

Disks are observed in groups within star-forming regions. Many observations focus
on stellar clusters, and the disk fraction is a common parameter for describing cluster
evolution. To compare our simulations with observations, we calculated the evolution of
the disk fraction by modeling a stellar cluster with variations in stellar mass, disk mass,
and radius. We successfully explain the observed decrease in disk fraction within the first
few million years using our disk dispersal model, which incorporates major disk dispersal
processes for the first time. Including stellar evolution in the simulations significantly
affects the evolution of the disk fraction. While the assumed IMF primarily indicates
that low-mass stars are main components, changes in the dust dispersal timescale for
solar and intermediate-mass stars still impact the overall disk fraction evolution. This
underscores the importance of accurately modeling FUV luminosity evolution. Using the
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latest photoevaporation model, we demonstrate that the efficiency of photoevaporation
depends on the timing of a star reaching the main sequence relative to the disk dispersal
phase.

Observations of the outer galaxy suggest that disk fractions are lower and dust dispersal
timescales are shorter in low-metallicity environments. This rapid dispersal has been
linked to enhanced photoevaporation due to reduced dust attenuation. To explore this, we
performed radiation hydrodynamics simulations and long-term disk evolution calculations
for Z = 0.1 Z⊙ around M∗ = 0.5, 1, 3 M⊙ stars in Chapter 4.5. Previous works have
generally attributed the low disk fraction to an enhanced photoevaporation rate. For the
first time, we quantitatively investigate the specific reasons behind the low disk fraction
using numerical calculations. Our findings reveal that the reasons for short dust dispersal
timescales vary depending on stellar mass. For low-mass stars, disk dispersal is unaffected
by metallicity, but the low dust abundance makes disks unobservable at earlier stages.
For solar-mass stars, enhanced photoevaporation and reduced dust abundance shorten the
dust dispersal timescale. For intermediate-mass stars, the transition to the main sequence
significantly increases FUV luminosity, leading to high photoevaporation rates and shorter
dust dispersal timescales. The resulting dust dispersal timescale is within 2 Myr, causing
the disk fraction to drop rapidly, consistent with observations.

Photoevaporation is strongly influenced by FUV luminosity and the abundance of dust
grains. Dust grains evolve differently from gas components. Since gas constitutes the
majority of disk mass, previous theoretical studies have focused primarily on gas evolution
and its effects on dust. Although photoevaporation is driven by the photoelectric effect on
dust grains caused by FUV photons, the impact of dust evolution on gas evolution has not
been included in simulations.

In Chapter 5, we perform disk evolution simulations that solve for both gas and
dust surface densities. Dust collisional coagulation and fragmentation are considered
for dust growth, while radial drift, diffusion, and entrainment by photoevaporative gas
flows are included for dust spatial evolution. We present the latest disk evolution
model, incorporating variation in the photoevaporation rate due to the depletion of
small dust grains through a consistent simulation approach. Previous studies have
attempted to understand photoevaporation during the later stages of disk evolution by
making assumptions about dust size or gas distribution, leading to results that are
strongly influenced by these assumptions. Our study addresses this issue by performing
comprehensive disk evolution simulations that account for the interactions between gas
and dust. The dust dispersal timescale decreases because of dust growth, which enhances
the radial drift toward the central star. The change in dust dispersal timescale is not the
only notable effect of including dust evolution in the simulation. The disk radius extends
beyond 100 au when dust growth and entrainment are incorporated because of the reduced
photoevaporation rate in the outer region. This extended disk radius aligns more closely
with the observational data. Photoevaporation remains the dominant process during the
final stage of disk dispersal and is responsible for the complete clearance of the disk gas.

Through this work, we clarify how photoevaporation depends on dust abundance and
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present a realistic photoevaporative mass-loss profile that accounts for the gas distribution
in the outer radius. These findings provide a more detailed understanding of the
photoevaporation process.
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7

Future Prospects

Photoevaporation is a gas dispersal process caused by high-energy photons such as FUV,
EUV, and X-ray photons emitted from the star. There is an ongoing discussion about which
of FUV, EUV, and X-ray radiation is the most dominant heating source for the disk gas.
In Chapter 3, we showed that photoevaporation is driven by heating by H2 pumping and
X-ray photons in dust-deficient disks. In the calculation, we assume that the de-excitation
of electronically excited H2 is the only path to generate vibrationally excited H2 in the
ground state (represented by H2*). The excitation to electronically excited H2 is caused
by Lyman-Werner photons with 11.2 eV ≤ hν ≤ 13.6 eV which is a fraction of whole FUV
radiation spectrum (6 eV ≤ hν ≤ 13.6 eV). This means that the efficiency of H2 pumping
depends on the spectral energy distribution in FUV radiation.

In our simulations, radiative transfer is solved along with hydrodynamics, but the
spectral energy distribution is assumed to be smooth and unchanged. This simplification
excludes effects such as variations in photon availability at specific wavelengths. As shown
in Chapter 5, the dust-to-gas mass ratio in the outer disk decreases to 10−4, which reduces
the photoevaporation rate and increases the disk radius. This underscores the need for
detailed photoevaporation simulations in dust-deficient disks with updated spectral energy
distribution.

Observational studies suggest that up to 80% of FUV radiation is emitted via Lyα

emission lines. Ercolano et al. [2021] proposed that the spectral energy distribution of
X-ray photons significantly influences photoevaporation, as soft X-rays deposit energy more
effectively in the gas, raising its temperature. A similar effect likely applies to FUV-driven
photoevaporation. Both observational and theoretical studies highlight the importance of
incorporating spectral evolution into photoevaporation models.

Our simulations incorporate three major disk dispersal processes: accretion, MHD
winds, and photoevaporation. Radiation hydrodynamic simulations allow us to model
realistic fluxes at various locations, considering the attenuation of high-energy photons
by a photoevaporative gas. Ercolano et al. [2008] compared simulations that include
hydrodynamics with those assuming hydrostatic equilibrium. They found that the

123



attenuation of high-energy photons by evaporating gas reduces the mass-loss rate by an
order of magnitude. In our study, the surface mass-loss rate due to photoevaporation
is derived from radiation hydrodynamics simulations, accounting for attenuation by
evaporating gas. However, the shielding effects of MHD winds are not explicitly included.

In Chapter 4.3, we performed additional simulations in which photoevaporation was
turned off when the column density of the MHD winds exceeded 1020 cm−2. This
approach simplifies disk morphology and applies only to FUV-driven photoevaporation at
the photoevaporative base. In dust-deficient disks, X-ray photons dominate heating in the
outer region. Detailed photoevaporation simulations are needed to accurately model the
temperature structures and resulting mass-loss rates.

Recent observations provide detailed insights into gas surface density distributions.
Since gas constitutes 99% of the disk mass, these observations are crucial for understanding
the surface density profile and its evolution. Recent theoretical studies on planet formation
showed that a high dust-to-gas mass ratio can trigger planet formation. It is necessary to
understand the gas distribution as well as the dust distribution.

We believe that the upgrade of ALMA and the initiation of the Square Kilometer Array
(SKA) will provide more detailed structures of disk gas, including thin outer regions. Our
calculation showed that both gas and dust distributions cannot be reproduced without
solving equations for both at the same time. We clarified that the gas distribution is highly
sensitive to the photoevaporation rate in the outer region.

Our ultimate goal is to construct an evolution model of disk materials because they
are the ingredients of planets. Recent observations use simple viscous accretion models for
fitting and estimating parameters such as viscosity, initial disk radius, and mass. By building
a new model, we aim to propose a better method to estimate the disk parameters. Since
the disk in the earliest stage is difficult to observe, this would help us to understand disks
in the Class 0 or I stages. We would like to connect our research to planetesimal formation
simulations by providing gas distributions at each phase. There remains a gap in theoretical
research between disk dispersal and planet formation.

We showed that the photoevaporation rate also varies with the FUV luminosity, which
depends on stellar mass. We performed disk evolution simulations that include gas and
dust evolution in a consistent manner, including the interaction between them. We ran the
simulation around a M∗ = 1 M⊙ star. In the future, it will be necessary to perform gas and
dust simulations around various stellar masses.

Upgrading the dust coagulation calculation is also needed. In our calculation, we
assumed the solid density of dust is constant throughout the disk, but recent simulations
show that dust grains grow with porosity inside them. This model with porosity enables
dust grains to grow beyond the cm size, overcoming strong radial drift. It is necessary to
combine updated dust evolution models with gas dispersal models. Realistic simulations of
dust and gas will provide disk material distributions and suggest the most likely locations
for planet formation.
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Appendix A: Chemical Reactions

In this section, we introduce the chemical reactions that we incorporate in photoevaporation
simulations [Tielens and Hollenbach, 1985, Draine and Bertoldi, 1996, Lee et al., 1996,
Shapiro and Kang, 1987, Omukai, 2000]. All coefficients are given in cgs units.

reaction coefficient
H + e– −−→ H+ + 2 e– k1 = exp [−32.71396786

+13.536556 ln T eV
−5.73932875 (ln T eV)2

+1.56315498 (ln T eV)3

−0.2877056 (ln T eV)4

+3.4825597 × 10−2 (ln T eV)5

−2.6319617 × 10−3 (ln T eV)6

−1.11954395 × 10−4 (ln T eV)7

−2.03914985 × 10−6 (ln T eV)8]
H+ + e– −−→ H + γ Rrec = exp [−28.6130338

−0.72411256 ln T eV
−2.02604473 × 10−2 (ln T eV)2

−2.38086188 × 10−3 (ln T eV)3

−3.21260521 × 10−4 (ln T eV)4

−1.42150291 × 10−5 (ln T eV)5

+4.98910892 × 10−6 (ln T eV)6

+5.75561414 × 10−7 (ln T eV)7

−1.85676704 × 10−8 (ln T eV)8

−3.07113524 × 10−9 (ln T eV)9]
H + e– −−→ H– + γ k7 = 1.4 × 10−18T 0.928 exp

[
−T/1.62 × 104]

H– + H −−→ H2 + e– k8 = 4.0 × 10−9T −0.17 (T > 300)
1.5 × 10−9 (T < 300)

H + H+ −−→ H2
+ + γ k9 = 10[−19.38−1.523 log10 T +1.118(log10 T )2−0.1269(log10 T )3]

H2
+ + H −−→ H2 + H+ k10 = 6.4 × 10−10

H2 + H+ −−→ H2
+ + H k11 = 3.0 × 10−10 exp

[
−2.1050 × 104/T

]
H2 + e– −−→ H + H + e– k12 = 4.4 × 10−10T 0.35 exp

[
−1.02 × 105/T

]
H2 + H −−→ H + H + H k13 = k1−a

H ka
L

kL = 1.12 × 10−10 exp
[
−7.035 × 104/T

]
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kK = 6.5 × 10−7T −1/2 exp
[
−5.2 × 104/T

]
[1 − exp(−6000/T )]
a = (1 + n/ncr)−1 log10(ncr)
= 4.0 − 0.416 log10(T/104) −
0.327

(
log10(T/104)

)
H– + e– −−→ H + e– + e– k14 = exp [−18.01849334

+2.3608552 ln T eV
−0.28274430 (ln T eV)2

+1.62331664 × 10−2 (ln T eV)3

−3.36501203 × 10−2 (ln T eV)4

+1.17832978 × 10−2 (ln T eV)5

−1.65619470 × 10−3 (ln T eV)6

+1.06827520 × 10−4 (ln T eV)7

−2.63128581 × 10−6 (ln T eV)8]
H– + H+ −−→ H + H k15 = 5.7 × 10−6T −1/2 + 6.3 × 10−8

−9.2 × 10−11T 1/2 + 4.4 × 10−13T

H– + H+ −−→ H2
+ + e– k16 = 6.9 × 10−9T −0.35 (T < 8000)

9.6 × 10−7T −0.9 (T > 8000)
H2

+ + e– −−→ H + H k17 = 2.0 × 10−7T −1/2

H2
+ + H– −−→ H2 + H k18 = 2.3 × 10−7(T/300)−1/2

H + H + H −−→ H2 + H k19 = 5.5 × 10−29T −1

H + H + H2 −−→ 2 H2 k20 = k19/8
H2 + H2 −−→ H2 + H + H k21 = k1−a

H ka
L

kL = 1.18 × 10−10 exp
[
−6.95 × 104/T

]
kH = 8.125 ×
10−8T −1/2 exp

[
−5.2 × 104/T

]
×[1 − exp

(
−6.0 × 103/T

)
]

a = (1 + n/ncr)−1 log10(ncr)
= 4.845 − 1.3 log10(T/104) +
1.62

(
log10(T/104)

)2
H + H −−→ H+ + e– + H k22 = 1.7 × 10−4k1
H + H −−→ H2 kdust = 6.0 × 10−17(T/3001/2)fa(Z/Z⊙)

×
[
1 + 4.0 × 102(T + Tdust)1/2 + 2.0 × 10−3T + 8.0 × 10−6T 2

]−1

fa =
[
1 + exp

(
7.5 × 102(1/75 − 1/Tdust)

)]−1

H2* + H −−→ H2 + H kde, H = 1.8 × 10−13T 1/2 exp [−1000/T ]
H2* + H2 −−→ H2 + H2 kde, H2 = 2.3 × 10−13T 1/2 exp [−18000/(T + 1200)]
H2* −−→ H2 A(H2

∗) = 2.0 × 10−7

H + γ −−→ H+ + e– Pion Eq. 3.2
H2 + γ −−→ H2

+ RH2, ion = [6.2×10−18E−9.4×10−17]FEUV (15.42 <

E < 16.5)
[1.4×10−18E−1.48×10−17]FEUV (16.5 <

E < 17.7)
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2.5 × 10−14E−2.71 (E > 17.7)
E = EEX/1 eV

H2 + γ −−→ H + H RH2, diss = 3.4 × 10−11fshieldG0 exp[−2.5AV]
H2 + γ −−→ H2* RH2, pump = 3.06 × 10−10fshieldG0 exp[−2.5AV]
H2* + γ −−→ H + H RH2∗, diss = 1.0 × 10−11fshieldG0 exp[−2.5AV]
CO + γ −−→ C+ + O RCO, diss see Lee et al. [1996]
C+ + O −−→ CO RCO, form see Nelson and Langer [1997] and

Nomura and Millar [2005]

In the equation, T = Tgas/1 K represents the gas temperature in the Kelvin unit, while
T eV = Tgas/1 eV denotes the temperature in electron volt unit. The dust temperature is
given by Tdust. EEX represents the photon energy in electron volt units.
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Appendix B: Disk Evolution Equations with
Viscosity

In this section, we will derive the time evolution equation of surface density under the
influence of viscosity. We derive the equation from the equations of a viscous gas. We use 3
dimensional cylindrical coordinates, (r, ϕ, z) The basic equations for viscous gas are given
by

∂ρ

∂t
+ ∇ · ρv = 0

ρ
Dv
Dt

= −∇P − ρ
GM

r3 r + ∇ · σ

∂E

∂t
+ ∇ · (Hv) = −ρvr

GM∗
r2 + ρ(Γ − Λ)

The first equation represents the continuity equation. The second equation is the Euler
equation, where σ denotes the stress tensor. The third equation represents the conservation
of energy, with E and H denoting the energy and enthalpy per unit volume, respectively,
and Γ and Λ representing the heating and cooling rates per unit volume.

The equation of continuity is written as below using coordinates,

∂ρ

∂t
+ 1

r

∂

∂r
(rρvr) + 1

r

∂

∂ϕ
(ρvϕ) + ∂

∂z
(ρvz) = 0

We assume that the disk is axisymmetric around the z-axis and that the disk is vertically
thin, and the differential of ∂/∂ϕ and vz can be ignored. Under these assumptions, the
equation simplifies to:

∂ρ

∂t
+ 1

r

∂

∂r
(rρvr) = 0.

In the simulation, we ignore the vertical structure of the disk and instead solve for the
surface density. By integrating the governing equations along the z-axis, the surface density
equation is given by:

∂Σ
∂t

+ 1
r

∂

∂r
(rΣvr) = 0. (B1)

131



On the other hand, Euler equation in ϕ-direction is given by

ρ
∂vϕ

∂t
+ ρ

(
vr

∂vϕ

∂r
+ vϕ

r

∂vϕ

∂ϕ
+ vz

∂vϕ

∂z
+ vrvϕ

r

)
= 1

r

∂

∂r
(rσrϕ) + 1

r

∂σϕϕ

∂ϕ
+ ∂σϕz

∂z
+ σrϕ

r

σrϕ = µ

(1
r

∂vr

∂ϕ
+ r

∂

∂r

(
vϕ

r

))
This equation is simplified under the assumptions that the disk is axisymmetric and
vertically thin. The Euler equation is then rewritten as:

ρ
∂vϕ

∂t
+ ρ

(
vr

∂vϕ

∂r
+ vrvϕ

r

)
= 1

r

∂

∂r
(rσrϕ) + σrϕ

r

= 1
r2

∂

∂r
(r2σrϕ).

The stress tensor in ϕ-direction is also simplified as

σrϕ ∼ µr
∂Ω
∂r

,

where Ω is the angular velocity. By combining these two relations, the Euler equation
required for describing disk evolution is finally given by:

ρ
∂vϕ

∂t
+ ρ

(
vr

∂vϕ

∂r
+ vrvϕ

r

)
= 1

r2
∂

∂r

(
µr3 ∂Ω

∂r

)
.

The equation is arranged for evolution of surface density by integrating along z-axis and is
given by

Σ∂vϕ

∂t
+ Σvr

∂vϕ

∂r
+ Σvrvϕ

r
= 1

r2
∂

∂r

(
νΣr3 ∂Ω

∂r

)
.

The left-hand side of the equation can be simplified by incorporating the continuity
equation. The resulting equation is given by:

∂

∂t
(Σr2Ω) + 1

r

∂

∂r
(r3ΣvrΩ) = 1

2πr

∂

∂r

(
2πr3νΣ∂Ω

∂r

)
. (B2)

In the equation, the term in () in the right-hand side denotes the torque exerted by the gas,
and the equation describes angular momentum transport. This indicates that the transfer
of torque occurs through the exchange of angular momentum with the nearby gas.

We assume that the angular velocity, Ω, remains constant over time. By combining
equations (B1) and (B2), we obtain the equation describing the accretion motion, which is
given by:

2πrΣvr =
∂
∂r (2πr3νΣ∂Ω

∂r )
∂
∂r (r2Ω)

. (B3)

The right-hand side, 2πRΣvr, represents the accreted mass at a specific radius, r.
The equation describing the time evolution of surface density is obtained by rewriting
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Equation (B3) with Equation (B1), and is given by:

∂Σ
∂t

= −1
r

∂

∂r

[
∂
∂r (r3νΣ∂Ω

∂r )
∂
∂r (r2Ω)

]

The equation express the time evolution of surface density due to viscous accretion. The
motion of the disk gas follows Keplerian rotation. By introducing ΩK (the Keplerian angular
velocity), the equation can be rewritten as:

∂Σ
∂t

= 3
r

∂

∂r

[
r

1
2

∂

∂r
(r

1
2 νΣ)

]
.

This equation describes the evolution of surface density under the effects of viscous
accretion.

To simplify and better understand the essence of the surface density equation, we
introduce the following new parameters:

x = 2
√

r f = 3
2Σx

The equation for surface density evolution can be rewritten as:

∂f

∂t
= 12

x2
∂2f

∂x2 .

This equation is a diffusion equation, indicating that the disk surface density evolves
according to diffusion due to viscosity.
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Appendix C: Disk Evolution Equations with
Viscosity and MHD Winds

In this section, we derive the equation that governs the evolution of the disk surface density
while considering the effects of magnetic fields. We then derive the coefficients that describe
magnetohydrodynamic (MHD) winds. The equations are expressed in three-dimensional
cylindrical coordinates (r, ϕ, z). In this case, the basic equations for viscous gas are given by

∂ρ

∂t
+ ∇ · ρv = 0

ρ
Dv
Dt

= −∇P − ρ
GM

r3 r + ∇ · σ + 1
4π

∇
(

T
4π

)
− 1

8π
∇B2

∂

∂t

(
E + ρΦ + B2

8π

)
+ ∇ ·

(
Hv + ρΦv + B × (v × B)

4π
+ F

)
= 0.

The first equation is the continuity equation. The second equation represents the Euler
equation. In the equation, B denotes magnetic fields, and T represents the momentum
tensor due to magnetic effects and is given by

T =

B2
r − B2/2 BrBϕ BrBz

BrBϕ B2
ϕ − B2/2 BϕBz

BrBz BϕBz B2
z − B2/2

 .

The third equation is the equation of energy conservation. In the equation, Φ and F
represent the potential energy and energy exchange with external sources through heat.

The first equation is simplified as follows by assuming axisymmetry around the z-axis:

∂ρ

∂t
+ 1

r

∂

∂r
(rρvr) + ∂

∂z
(ρvz) = 0.

In this case, we consider mass loss by MHD winds, by which the gas flows are launched
into the upper air by magnetic centrifugal forces. The gas has a velocity in the z-direction
due to the MHD winds, satisfying vz ̸= 0. By integrating the equation along the z-axis, the
resulting equation for surface density is given as:

∂Σ
∂t

+ 1
r

∂

∂r
(rΣvr) + (ρvz)w = 0. (C1)
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The subscript w indicates the gas motion driven by MHD winds.
The Euler equation in the ϕ-direction is approximated similarly. Unlike the previous

section, which considers only viscous accretion with a specified viscous parameter, we
attribute the viscosity to the interaction between gas and magnetic fields as well as the
torque caused by differential motion between adjacent gas layers. Thus, the Euler equation
is given by:

ρ
∂vϕ

∂t
+ ρ(v · ∇)vϕ + ρ

vϕvr

r
= 1

4π

( 1
r2

∂

∂r
(r2BrBϕ) + ∂(BϕBz)

∂z

)
.

The left-hand side of the equation is simplified by combining it with the continuity equation
and is given by:

∂(ρvϕ)
∂t

+ 1
r2

∂

∂r
(r2ρvrvϕ) + ∂

∂z
(ρvϕvz) = 1

4πr2
∂

∂r
(r2BrBϕ) + 1

4π

∂(BϕBz)
∂z

.

This is rewritten by multiplying r on both sides:

∂(ρrvϕ)
∂t

+ 1
r

∂

∂r

(
r2
(

ρvrvϕ − BrBϕ

4π

))
+ ∂

∂z

(
r

(
ρvϕvz − BϕBz

4π

))
= 0. (C2)

Basically, the gas velocity follows Keplerian motion, and gas velocity in the ϕ-direction
is approximated to the Keplerian velocity. We introduce a new parameter, δvϕ, which
represents the deviation from the Keplerian motion:

vϕ = rΩK + δvϕ,

where ΩK represents Keplerian angular velocity. Equation (C2) is rewritten by

∂(ρrvϕ)
∂t

+ ρvr
∂

∂r
(rvK) + ρvz

∂

∂z
(rvK)

+ 1
r

∂

∂r

(
r2
(

ρvrδvϕ − BrBϕ

4π

))
+ ∂

∂z

(
r

(
ρδvϕvz − BϕBz

4π

))
= 0

(C3)

This equation describes the evolution of local density due to stress caused by velocity
differences between adjacent gas and interactions with magnetic fields. The viscosity
parameters, αrϕ and αϕz, describe the efficiency of angular momentum transport in a steady
state where ∂/∂t = 0. The viscous parameters are derived by comparing to the original
definition by Shakura and Sunyaev [1973].

αrϕρc2
s ≡ ρvrδvϕ − BrBϕ

4π

αϕzρc2
s ≡ ρvzδvϕ − BϕBz

4π
.
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Equation (C3) is rewritten using this prescription as follows:

∂(ρrvϕ)
∂t

+ 1
r

∂

∂r

(
ρr2

(
vrrΩK + αrϕc2

s

))
+ ∂

∂z

(
r
(
ρvzrΩK + αϕzρc2

s

))
= 0.

This equation describes the evolution of the local gas density. It is converted into an
equation for surface density by integrating along the z-axis as:

∂(Σr2vϕ)
∂t

+ ∂

∂r

(
Σr2

(
vrrΩK + αrϕc2

s

))
+ r2

(
(ρvz)wrΩK + αϕz(ρc2

s )mid
)

= 0 (C4)

This equation describes the evolution of surface density, including gas outflows driven by
MHD winds. In the equation, αrϕ is the viscous parameter normalized by the local surface
density and is given by

αrϕ =
∫

ραrϕdz

Σ .

The subscript ‘w’ indicates that the gas motion in the z-direction originates from MHD
winds. The subscript ‘mid’ denotes that the value is taken at the disk midplane.

The continuity equation multiplied by r2vϕ is given by

∂

∂t
(Σr2vϕ) + (r2ΩK) ∂

∂r
(rΣvr) + r3ΩK(ρvz)w = 0. (C5)

By comparing equations (C4) and (C5), we derive the following equation under the
assumption that the sum of the second and third terms remains equivalent:

(rΣvr) ∂

∂r
(r2ΩK) + ∂

∂r
(r2Σαrϕc2

s ) + r2αϕz(ρc2
s )mid = 0.

Then the velocity in r-direction is given by

vr = − 2
r2ΣΩK

[
∂

∂r
(r2Σαrϕc2

s ) + r2αϕz(ρc2
s )mid

]
The first term represents the accretion motion due to viscosity, while the second term
represents the gas motion toward the star driven by angular momentum loss through disk
torque induced by magnetic activity. The equation of surface density is then given by

∂Σ
∂t

− 1
r

∂

∂r

[ 2
rΩK

(
∂

∂r
(r2Σαrϕc2

s ) + r2αϕz(ρc2
s )mid

)]
+ Cw(ρcs)mid = 0,

where Cmw is a non-dimensional parameter representing mass loss by MHD winds
normalized by the value at the midplane. This equation is solved in our simulation.

The coefficient Cmw is derived from the energy conservation equation. The energy
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equation in cylindrical coordinates is given by:

∂

∂t

(
1
2ρv2 + P

γ − 1 + ρΦ + B2

8π

)

+ 1
r

∂

∂r

[
r

{
vr

(1
2ρv2 + γ

γ − 1P + ρΦ + 1
4π

(B2
ϕ + B2

z )
)

− Br

4π
(vϕBϕ + vzBz) + Fr

}]
+ ∂

∂z

[
vz

(1
2ρv2 + γ

γ − 1P + ρΦ + 1
4π

(B2
r + B2

ϕ)
)

− Bz

4π
(vrBr + vϕBϕ) + Fz

]
= 0.

(C6)

The gas motion is approximated as Keplerian motion. Under this assumption, rΩK ≫
vr, vz, cs =

√
P/ρ, B/

√
4πρ serve as a good approximations. As a result, Equation (C6) can

be simplified. The first term is given by

∂

∂t

(
1
2ρv2 + P

γ − 1 + ρΦ + B2

8π

)
∼ ∂

∂t

(1
2ρv2 + ρΦ

)
∼ ∂

∂t

(1
2ρ(ρΩK + δvϕ)2 − ρr2Ω2

K

)
∼ ∂

∂t

(
−1

2ρr2Ω2
K

)
.

Using the assumptions above, the second term is given by:

1
r

∂

∂r

[
r

{
vr

(1
2ρv2 + γ

γ − 1P + ρΦ + 1
4π

(B2
ϕ + B2

z )
)

− Br

4π
(vϕBϕ + vzBz) + Fr

}]
∼1

r

∂

∂r

[
r

{
vr

(1
2ρv2 + ρΦ

)
− 1

4π
vϕBrBϕ + Fr

}]
∼1

r

∂

∂r

[
r

{
vr

(
−1

2ρr2Ω2
K + ρrΩKδvϕ

)
− 1

4π
vϕBrBϕ + Fr

}]
=1

r

∂

∂r

[
r

{
−1

2ρvrr2Ω2
K + ρrΩK

(
vrδvϕ − BrBϕ

4πρ

)
+ Fr

}]
=1

r

∂

∂r

[
r

{
−1

2ρvrr2Ω2
K + ρrΩKαrϕc2

s + Fr

}]
.

The third term is given by

∂

∂z
(vzρEw + Fz) ≡ ∂

∂z

[
vz

(1
2ρv2 + γ

γ − 1P + ρΦ + 1
4π

(B2
r + B2

ϕ)
)

− Bz

4π
(vrBr + vϕBϕ) + Fz

]
,

where Ew represents the energy carried away by MHD winds per unit mass. The energy
equation is then simplified as

∂

∂t

(
−1

2ρr2Ω2
K

)
+ 1

r

∂

∂r

[
r

{
−1

2ρvrr2Ω2
K + ρrΩKαrϕc2

s + Fr

}]
+ ∂

∂z
(vzρEw + Fz) = 0.

(C7)
This describes the balance among energy transported by accretion motion, energy carried
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away by MHD winds, and energy released as heat from the disk surface. The surface density
equation is derived by integrating Equation (C7) along the z-direction and is given by:

∂

∂t

(
−1

2Σr2Ω2
K

)
+ 1

r

∂

∂r

[
r

{
−1

2Σvrr2Ω2
K + ΣrΩKαrϕc2

s

}]
+ (ρvz)wEw + Frad = 0.

In the equation, the energy release is represented by a single term, Frad. The term involving
∂/∂t is eliminated by applying the continuity equation multiplied by r2Ω2

K/2. The resulting
equation is:

1
2rΣvrΩ2

K + 1
r

∂

∂r
(Σr2ΩKαrϕc2

s ) +
(1

2r2Ω2
K + Ew

)
(ρvz)w + Frad = 0.

Using the description of vr given by (C3), the equation is rearranged as:(1
2r2Ω2

K + Ew

)
Cw(ρcs)mid + Frad

= ΩK
r

[
∂

∂r
(r2Σαrϕc2

s ) + r2αϕz(ρc2
s )mid

]
− 1

r

∂

∂r
(Σr2ΩKαrϕc2

s ).

This equation represents the total energy lost through radiation and carried away by MHD
winds but does not specify the fraction of energy used to drive MHD winds. Since MHD
winds are driven by wind torque, the term with αϕz is often associated with the driving
mechanism for these winds.

Interestingly, the shearing box simulation by Suzuki et al. [2010] showed that MHD
winds can still launch gas flows even when the wind torque is completely turned off, αϕz =
0. This suggests that the MHD wind coefficient, Cw, must also account for contributions
from the term involving αrϕ.

Two primary formulations for Cw exist, commonly referred to as the ‘strong wind case’
and the ‘weak wind case.’ In the equations, Ew denotes the energy carried by MHD wind
gas per unit mass. For gas to escape the system, the condition Ew ≥ 0 must be met. In
our calculations, we adopt the minimum energy condition, Ew = 0, for simplicity. The two
formulations are described below.

• strong wind case
All the gravitational energy released is used to drive MHD winds, while the energy
from viscous heating is emitted as radiation. In this model, the parameters for mass
loss by MHD winds and radiation from the disk are given by:

Cw = 2
r3ΩK(ρcs)mid

∂

∂r
(r2Σαrϕc2

s ) + 2cs
rΩK

αrϕ

Frad = −1
r

∂

∂r
(Σr2ΩKαrϕc2

s ).

• weak wind case
Only a portion of the energy liberated through accretion is used to drive MHD winds.
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We define the fraction of the total energy (released via accretion and viscous heating)
allocated to radiation as ϵrad. Based on this assumption, the parameters for mass loss
due to disk winds and radiation from the disk are expressed as:

Cw = (1 − ϵrad)
[

2
rΩK

αϕzcs + 3
√

2π
αrϕc2

s
r2Ω2

K

]

Frad = ϵrad

[ 1√
2π

rΩ2
KΣαϕzcs + 3

2ΣΩKαrϕc2
s

]
.

In previous studies, ϵrad = 0.9 is the commonly adopted for the ‘weak wind case.’ This
model leads to a longer disk lifetime, aligning more closely with the observations. In our
calculations, we use the ‘weak wind model’ as the fiducial model.
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Takeru K. Suzuki. Photoevaporative Dispersal of Protoplanetary Disks around Evolving
Intermediate-mass Stars. ApJ, 909(2):109, March 2021. doi: 10.3847/1538-4357/
abdb2a. 2, 22, 24, 58, 68, 70, 73, 120

Charles J. Lada. Star formation: from OB associations to protostars. In Manuel Peimbert
and Jun Jugaku, editors, Star Forming Regions, volume 115 of IAU Symposium, page 1,
January 1987. 13

Charles J. Lada, August A. Muench, K. L. Luhman, Lori Allen, Lee Hartmann, Tom Megeath,
Philip Myers, Giovanni Fazio, Kenneth Wood, James Muzerolle, George Rieke, Nick
Siegler, and Erick Young. Spitzer Observations of IC 348: The Disk Population at 2-3
Million Years. AJ, 131(3):1574–1607, March 2006. doi: 10.1086/499808. 16

H. H. Lee, R. P. A. Bettens, and E. Herbst. Fractional abundances of molecules in dense
interstellar clouds: A compendium of recent model results. A&AS, 119:111–114, October
1996. 127, 129

Zoë M. Leinhardt and Sarah T. Stewart. Full numerical simulations of catastrophic small
body collisions. Icarus, 199(2):542–559, February 2009. doi: 10.1016/j.icarus.2008.09.
013. 103

Chapter 7 157



G. Lesur, J. Ferreira, and G. I. Ogilvie. The magnetorotational instability as a jet launching
mechanism. A&A, 550:A61, February 2013. doi: 10.1051/0004-6361/201220395. 20

Geoffroy Lesur, Matthew W. Kunz, and Sébastien Fromang. Thanatology in protoplanetary
discs. The combined influence of Ohmic, Hall, and ambipolar diffusion on dead zones.
A&A, 566:A56, June 2014. doi: 10.1051/0004-6361/201423660. 20

Kurt Liffman. The Gravitational Radius of an Irradiated Disk. PASA, 20(4):337–339,
January 2003. doi: 10.1071/AS03019. 21

Johan E. Lindberg, Jes K. Jørgensen, Christian Brinch, Troels Haugbølle, Edwin A. Bergin,
Daniel Harsono, Magnus V. Persson, Ruud Visser, and Satoshi Yamamoto. ALMA
observations of the kinematics and chemistry of disc formation. A&A, 566:A74, June
2014. doi: 10.1051/0004-6361/201322651. 13

G. Lodato, L. Rampinelli, E. Viscardi, C. Longarini, A. Izquierdo, T. Paneque-Carreño,
L. Testi, S. Facchini, A. Miotello, B. Veronesi, and C. Hall. Dynamical mass measurements
of two protoplanetary discs. MNRAS, 518(3):4481–4493, January 2023. doi: 10.1093/
mnras/stac3223. 14

S. H. Lubow and G. D’Angelo. Gas Flow across Gaps in Protoplanetary Disks. ApJ, 641(1):
526–533, April 2006. doi: 10.1086/500356. 14

D. Lynden-Bell and J. E. Pringle. The evolution of viscous discs and the origin of the nebular
variables. MNRAS, 168:603–637, September 1974. doi: 10.1093/mnras/168.3.603. 18

A. Ran Lyo, Warrick A. Lawson, Eric D. Feigelson, and Lisa A. Crause. Population and
dynamical state of the η Chamaeleontis sparse young open cluster. MNRAS, 347(1):
246–254, January 2004. doi: 10.1111/j.1365-2966.2004.07194.x. 88

Hiroshi Maeshima, Takao Nakagawa, Takuya Kojima, Satoshi Takita, and Jungmi Kwon.
Dust dissipation timescales in the intermediate and outer regions of protoplanetary disks.
PASJ, 73(6):1589–1603, December 2021. doi: 10.1093/pasj/psab095. 16

Eric E. Mamajek. Initial Conditions of Planet Formation: Lifetimes of Primordial Disks. In
Tomonori Usuda, Motohide Tamura, and Miki Ishii, editors, Exoplanets and Disks: Their
Formation and Diversity, volume 1158 of American Institute of Physics Conference Series,
pages 3–10. AIP, August 2009. doi: 10.1063/1.3215910. 15, 16, 83

C. F. Manara, G. Rosotti, L. Testi, A. Natta, J. M. Alcalá, J. P. Williams, M. Ansdell,
A. Miotello, N. van der Marel, M. Tazzari, J. Carpenter, G. Guidi, G. S. Mathews,
I. Oliveira, T. Prusti, and E. F. van Dishoeck. Evidence for a correlation between mass
accretion rates onto young stars and the mass of their protoplanetary disks. A&A, 591:
L3, June 2016. doi: 10.1051/0004-6361/201628549. 11, 18

C. F. Manara, L. Testi, G. J. Herczeg, I. Pascucci, J. M. Alcalá, A. Natta, S. Antoniucci,
D. Fedele, G. D. Mulders, T. Henning, S. Mohanty, T. Prusti, and E. Rigliaco. X-shooter

158 Chapter 7



study of accretion in Chamaeleon I. II. A steeper increase of accretion with stellar mass
for very low-mass stars? A&A, 604:A127, August 2017. doi: 10.1051/0004-6361/
201630147. 18, 19

C. F. Manara, A. Natta, G. P. Rosotti, J. M. Alcalá, B. Nisini, G. Lodato, L. Testi, I. Pascucci,
L. Hillenbrand, J. Carpenter, A. Scholz, D. Fedele, A. Frasca, G. Mulders, E. Rigliaco,
C. Scardoni, and E. Zari. X-shooter survey of disk accretion in Upper Scorpius. I. Very high
accretion rates at age > 5 Myr. A&A, 639:A58, July 2020. doi: 10.1051/0004-6361/
202037949. 19

Rita K. Mann, James Di Francesco, Doug Johnstone, Sean M. Andrews, Jonathan P.
Williams, John Bally, Luca Ricci, A. Meredith Hughes, and Brenda C. Matthews. ALMA
Observations of the Orion Proplyds. ApJ, 784(1):82, March 2014. doi: 10.1088/
0004-637X/784/1/82. 26

J. S. Mathis, W. Rumpl, and K. H. Nordsieck. The size distribution of interstellar grains.
ApJ, 217:425–433, October 1977. doi: 10.1086/155591. 10

Michel Mayor and Didier Queloz. A Jupiter-mass companion to a solar-type star. Nature,
378(6555):355–359, November 1995. doi: 10.1038/378355a0. 28

Mark J. McCaughrean and C. Robert O’Dell. Direct Imaging of Circumstellar Disks in the
Orion Nebula. AJ, 111:1977, May 1996. doi: 10.1086/117934. 21

Arnaud Michel, Nienke van der Marel, and Brenda C. Matthews. Bridging the Gap between
Protoplanetary and Debris Disks: Separate Evolution of Millimeter and Micrometer-sized
Dust. ApJ, 921(1):72, November 2021. doi: 10.3847/1538-4357/ac1bbb. 16, 78, 83,
84, 87, 89

A. Mignone, G. Bodo, S. Massaglia, T. Matsakos, O. Tesileanu, C. Zanni, and A. Ferrari.
PLUTO: A Numerical Code for Computational Astrophysics. ApJS, 170(1):228–242, May
2007. doi: 10.1086/513316. 34

A. Miotello, E. F. van Dishoeck, M. Kama, and S. Bruderer. Determining protoplanetary disk
gas masses from CO isotopologues line observations. A&A, 594:A85, October 2016. doi:
10.1051/0004-6361/201628159. 11

A. Miotello, E. F. van Dishoeck, J. P. Williams, M. Ansdell, G. Guidi, M. Hogerheijde, C. F.
Manara, M. Tazzari, L. Testi, N. van der Marel, and S. van Terwisga. Lupus disks with
faint CO isotopologues: low gas/dust or high carbon depletion? A&A, 599:A113, March
2017. doi: 10.1051/0004-6361/201629556. 11, 46

C. Mordasini, Y. Alibert, and W. Benz. Extrasolar planet population synthesis. I. Method,
formation tracks, and mass-distance distribution. A&A, 501(3):1139–1160, July 2009a.
doi: 10.1051/0004-6361/200810301. 25

Chapter 7 159



C. Mordasini, Y. Alibert, W. Benz, and D. Naef. Extrasolar planet population synthesis.
II. Statistical comparison with observations. A&A, 501(3):1161–1184, July 2009b. doi:
10.1051/0004-6361/200810697. 25

Shoji Mori and Satoshi Okuzumi. Electron Heating in Magnetorotational Instability:
Implications for Turbulence Strength in the Outer Regions of Protoplanetary Disks. ApJ,
817(1):52, January 2016. doi: 10.3847/0004-637X/817/1/52. 19

R. Morishima. Gap opening beyond dead zones by photoevaporation. MNRAS, 420(4):
2851–2858, March 2012. doi: 10.1111/j.1365-2966.2011.19940.x. 24

Gijs D. Mulders, Ilaria Pascucci, and Dániel Apai. A Stellar-mass-dependent Drop in Planet
Occurrence Rates. ApJ, 798(2):112, January 2015. doi: 10.1088/0004-637X/798/2/
112. 28

James Muzerolle, Lynne Hillenbrand, Nuria Calvet, César Briceño, and Lee Hartmann.
Accretion in Young Stellar/Substellar Objects. ApJ, 592(1):266–281, July 2003. doi:
10.1086/375704. 19, 54

James Muzerolle, Kevin L. Luhman, César Briceño, Lee Hartmann, and Nuria Calvet.
Measuring Accretion in Young Substellar Objects: Approaching the Planetary Mass
Regime. ApJ, 625(2):906–912, June 2005. doi: 10.1086/429483. 54

James Muzerolle, Lori E. Allen, S. Thomas Megeath, Jesús Hernández, and Robert A.
Gutermuth. A Spitzer Census of Transitional Protoplanetary Disks with AU-scale Inner
Holes. ApJ, 708(2):1107–1118, January 2010. doi: 10.1088/0004-637X/708/2/1107.
15

Y. Nakagawa, K. Nakazawa, and C. Hayashi. Growth and sedimentation of dust grains
in the primordial solar nebula. Icarus, 45(3):517–528, March 1981. doi: 10.1016/
0019-1035(81)90018-X. 14

Taishi Nakamoto and Yoshitsugo Nakagawa. Formation, Early Evolution, and Gravitational
Stability of Protoplanetary Disks. ApJ, 421:640, February 1994. doi: 10.1086/173678.
56

Riouhei Nakatani, Takashi Hosokawa, Naoki Yoshida, Hideko Nomura, and Rolf Kuiper.
Radiation Hydrodynamics Simulations of Photoevaporation of Protoplanetary Disks by
Ultraviolet Radiation: Metallicity Dependence. ApJ, 857(1):57, April 2018a. doi: 10.
3847/1538-4357/aab70b. 23, 33, 34

Riouhei Nakatani, Takashi Hosokawa, Naoki Yoshida, Hideko Nomura, and Rolf Kuiper.
Radiation Hydrodynamics Simulations of Photoevaporation of Protoplanetary Disks. II.
Metallicity Dependence of UV and X-Ray Photoevaporation. ApJ, 865(1):75, September
2018b. doi: 10.3847/1538-4357/aad9fd. 23, 33, 44, 57, 88, 91

160 Chapter 7



Riouhei Nakatani, Hiroshi Kobayashi, Rolf Kuiper, Hideko Nomura, and Yuri Aikawa.
Photoevaporation of Grain-depleted Protoplanetary Disks around Intermediate-mass
Stars: Investigating the Possibility of Gas-rich Debris Disks as Protoplanetary Remnants.
ApJ, 915(2):90, July 2021. doi: 10.3847/1538-4357/ac0137. 57, 110

A. Natta, L. Testi, J. Muzerolle, S. Randich, F. Comerón, and P. Persi. Accretion in
brown dwarfs: An infrared view. A&A, 424:603–612, September 2004. doi: 10.1051/
0004-6361:20040356. 19

A. Natta, L. Testi, and S. Randich. Accretion in the ρ-Ophiuchi pre-main sequence stars.
A&A, 452(1):245–252, June 2006. doi: 10.1051/0004-6361:20054706. 19

Richard P. Nelson and William D. Langer. The Dynamics of Low-Mass Molecular Clouds in
External Radiation Fields. ApJ, 482(2):796–826, June 1997. doi: 10.1086/304167. 35,
129

Richard P. Nelson, Oliver Gressel, and Orkan M. Umurhan. Linear and non-linear evolution
of the vertical shear instability in accretion discs. MNRAS, 435(3):2610–2632, November
2013. doi: 10.1093/mnras/stt1475. 19

H. Nomura and T. J. Millar. Molecular hydrogen emission from protoplanetary disks. A&A,
438(3):923–938, August 2005. doi: 10.1051/0004-6361:20052809. 10, 129

H. Nomura, Y. Aikawa, M. Tsujimoto, Y. Nakagawa, and T. J. Millar. Molecular Hydrogen
Emission from Protoplanetary Disks. II. Effects of X-Ray Irradiation and Dust Evolution.
ApJ, 661(1):334–353, May 2007. doi: 10.1086/513419. 36, 50

Karin I. Öberg, Chunhua Qi, Jeffrey K. J. Fogel, Edwin A. Bergin, Sean M. Andrews,
Catherine Espaillat, Tim A. van Kempen, David J. Wilner, and Ilaria Pascucci. The Disk
Imaging Survey of Chemistry with SMA. I. Taurus Protoplanetary Disk Data. ApJ, 720(1):
480–493, September 2010. doi: 10.1088/0004-637X/720/1/480. 10

C. R. O’Dell and Zheng Wen. Postrefurbishment Mission Hubble Space Telescope Images
of the Core of the Orion Nebula: Proplyds, Herbig-Haro Objects, and Measurements of a
Circumstellar Disk. ApJ, 436:194, November 1994. doi: 10.1086/174892. 21

C. R. O’Dell, Zheng Wen, and Xihai Hu. Discovery of New Objects in the Orion Nebula on
HST Images: Shocks, Compact Sources, and Protoplanetary Disks. ApJ, 410:696, June
1993. doi: 10.1086/172786. 9, 21

Nagayoshi Ohashi, Kazuya Saigo, Yusuke Aso, Yuri Aikawa, Shin Koyamatsu, Masahiro N.
Machida, Masao Saito, Sanemichi Z. Takahashi, Shigehisa Takakuwa, Kengo Tomida,
Kohji Tomisaka, and Hsi-Wei Yen. Formation of a Keplerian Disk in the Infalling Envelope
around L1527 IRS: Transformation from Infalling Motions to Kepler Motions. ApJ, 796
(2):131, December 2014. doi: 10.1088/0004-637X/796/2/131. 13

Chapter 7 161



Satoshi Okuzumi. Electric Charging of Dust Aggregates and its Effect on Dust Coagulation
in Protoplanetary Disks. ApJ, 698(2):1122–1135, June 2009. doi: 10.1088/0004-637X/
698/2/1122. 10

Satoshi Okuzumi, Hidekazu Tanaka, Hiroshi Kobayashi, and Koji Wada. Rapid Coagulation
of Porous Dust Aggregates outside the Snow Line: A Pathway to Successful Icy
Planetesimal Formation. ApJ, 752(2):106, June 2012. doi: 10.1088/0004-637X/752/2/
106. 29

Isa Oliveira, Klaus M. Pontoppidan, Bruno Merín, Ewine F. van Dishoeck, Fred Lahuis,
Vincent C. Geers, Jes K. Jørgensen, Johan Olofsson, Jean-Charles Augereau, and
Joanna M. Brown. A Spitzer Survey of Protoplanetary Disk Dust in the Young Serpens
Cloud: How do Dust Characteristics Evolve with Time? ApJ, 714(1):778–798, May 2010.
doi: 10.1088/0004-637X/714/1/778. 34

Kazuyuki Omukai. Protostellar Collapse with Various Metallicities. ApJ, 534(2):809–824,
May 2000. doi: 10.1086/308776. 127

Kazuyuki Omukai, Takashi Hosokawa, and Naoki Yoshida. Low-metallicity Star Formation:
Prestellar Collapse and Protostellar Accretion in the Spherical Symmetry. ApJ, 722(2):
1793–1815, October 2010. doi: 10.1088/0004-637X/722/2/1793. 39

C. W. Ormel and J. N. Cuzzi. Closed-form expressions for particle relative velocities induced
by turbulence. A&A, 466(2):413–420, May 2007. doi: 10.1051/0004-6361:20066899.
102

Donald E. Osterbrock. Astrophysics of gaseous nebulae and active galactic nuclei. University
Science Books, 1989. 38

Donald E. Osterbrock and Gary J. Ferland. Astrophysics of gaseous nebulae and active galactic
nuclei. University Science Books, 2006. 36

J. E. Owen, B. Ercolano, C. J. Clarke, and R. D. Alexander. Radiation-hydrodynamic models
of X-ray and EUV photoevaporating protoplanetary discs. MNRAS, 401(3):1415–1428,
January 2010. doi: 10.1111/j.1365-2966.2009.15771.x. 24, 37, 46, 73, 75

James E. Owen, Cathie J. Clarke, and Barbara Ercolano. On the theory of disc
photoevaporation. MNRAS, 422(3):1880–1901, May 2012. doi: 10.1111/j.1365-2966.
2011.20337.x. 73, 74

Richard J. Parker, Hayley L. Alcock, Rhana B. Nicholson, Olja Panić, and Simon P. Goodwin.
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