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Generally speaking, stars consist of three regimes: a core, an envelope, and an atmosphere from which the light

emerges. Depending on the stellar mass and the evolutionary stage, cores and envelopes can be either radiative

or convective. These regions define the (dominant) form of energy transport, but their physical definition and the

interface between them represent a large source of uncertainty in stellar structure theory. Whilst stellar

atmospheres are key messengers of astronomical information, they are also physical laboratories of radiation

pressure leading to radiation-driven winds for high-mass stars and chemical mixing and transport phenomena such

as radiative levitation in hot low-mass stars, which is where heavy elements with large cross-sections can gain

momentum by absorbing photons from outflowing radiation.

stellar structure and evolution  convection  rotation  diffusion  magnetism
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1. 1D Convection in Stellar Modelling

Convection is omnipresent in stars at some point in their evolution. For stars like the Sun, convection occurs in a

thick envelope and thus is the dominant mixing and energy transport mechanism at the photosphere. Very low-

mass stars, such as M dwarfs, are fully convective throughout their interior. Meanwhile, for compact stars, such as

white dwarfs, conduction is an important energy transport mechanism. At the other end of the mass-scale in the

upper part of the HR diagram, the hydrogen-burning cores of high-mass main-sequence stars are convective and

their envelopes are radiative. During the main sequence, the envelopes of massive stars are dominated by

radiation, but convection becomes increasingly more important in their envelopes as they evolve off the main

sequence. This means that for all stars in the HR diagram the definition and numerical implementation of

convection is important in calculating stellar structure models. However, convection is inherently a 3D process, but

most state-of-the-art evolution models are 1D, with some being 2D (e.g., the ESTER code ). Consequently,

the optimum 1D representation and numerical prescription for convection remains a topic of ongoing investigation.

Joyce and Tayar (2023)  provide a detailed overview of convection inside stars. Specifically, they focus on the

numerical prescription known as Mixing Length Theory (MLT ) commonly used to define convective regions within

stellar structure models and to parameterise convection in 1D. MLT for convection is a formalism analogous to

having a mean free path of a fluid parcel in thermodynamics, and specifies the distance such a parcel travels

before fully mixing with its surrounding fluid. However, the MLT formalism is only described in 1D which limits its

application to 3D convective zones in stellar interiors (e.g., ).

[1][2][3]

[4]

[5]

[6]



The Structure and Evolution of Stars | Encyclopedia.pub

https://encyclopedia.pub/entry/50714 2/9

There has been tremendous effort in calibrating MLT using observations, which has been hugely successful using

helioseismology—the study of the Sun’s interior from its resonant pulsation frequencies . The study of the

interior physics using pulsations in stars other than the Sun is called asteroseismology . This field of stellar

astrophysics has greatly expanded in recent years thanks to high-precision space photometry, such as from the

Kepler mission . It has provided tight constraints on the masses, radii, and ages of thousands of stars 

. 

Asteroseismology combined with additional observables from spectroscopy and interferometry have also been able

to provide constraints on MLT . However, this remains a challenging endeavour that can only be achieved

as of today for the brightest low-mass stars. A direct observational calibration of MLT for interior convection is

currently beyond reach, but asteroseismology is able to provide constraints on this important physical ingredient of

stellar structure.

2.  Opacities and Atomic Diffusion

When radiation passes through a gas, photons are removed by scattering and absorption with the efficiency

coefficient of these processes termed opacity. In reality, a star’s opacity is a function of its chemical composition

and the thermodynamic state of its constituent gas. Thus, opacity influences how stars are formed in the earliest

phases of their lives, because of the interaction between photons and atoms, and also how stars evolve and end

their lives. For example, diffusion processes, such as radiative levitation, depend on stellar opacity mix and

transport chemical species within stellar interiors. Therefore, such processes are important contributors to

uncertainties when inferring stellar ages and chemical abundances (see, e.g., ).

Opacity data are an important ingredient to essentially all forms of stellar structure modelling and all stars across

the HR diagram, and remain a primary contributor to the uncertainty of the heavy element content of our own Sun

. Stellar evolution models typically include and thus implicitly depend on an opacity table with a chosen number

of specific chemical elements as main contributors, and a fixed chemical mixture for heavy elements (e.g., C, N

and O). The construction of precise and accurate opacity tables for use within stellar physics presents a herculean

task within the atomic physics community , with which stellar astrophysics has great synergy.

Nuclear fusion, chemical mixing and atomic diffusion processes redistribute sources of opacity within a star, with

the different processes taking place on different time scales. Since a full calculation of stellar opacity taking such

processes into account is computationally expensive, especially for each time-step of a stellar evolution model, a

common simplification is to calculate a mean opacity averaged across all wavelengths. A commonly used approach

is to calculate the Rosseland mean opacity, which is a harmonic weighted average over all chemical species.

Moreover, the full implementation of all atomic diffusion processes, which are inherently chemical–element specific,

in evolutionary models can be computationally demanding, so not all of them are always included because of

computation time arguments. Such a numerical simplification bears validity that depends on the type of star being

studied.

[7][8][9]

[8][10]

[11][12] [13][14]

[15][16][17]

[18][19][20]

[21][22]

[23]

[24][25][26][27]



The Structure and Evolution of Stars | Encyclopedia.pub

https://encyclopedia.pub/entry/50714 3/9

Alecian and Deal (2023)  provide a detailed discussion of opacities and atomic diffusion inside stars. This

includes a comparison of the different opacity tables available in the literature for stellar modelling, their domains of

applicability, and impact on opacity profiles in the context of providing accurate stellar structure and evolution

models.

3. Magnetism in High-Mass Stars

Despite its importance and impact on stellar structure, magnetic fields are an important, yet typically missing

ingredient in evolution models. Observational constraints on the strength and geometry of magnetic fields, both at

the surface and in the deep interiors, are generally lacking for the vast majority of stars.

For low-mass stars like the Sun, their large convective envelopes during the main sequence produce weak global

magnetic fields, but strong local fields in the form of sunspots through a dynamo process. The reader is referred to

literature reviews of stellar magnetism in low-mass stars .

On the other hand, the origin and consequences of magnetic fields in massive stars are less understood compared

to low-mass stars. In the last couple of decades, there has been a large effort and major progress in detecting

surface magnetic fields in early-type stars (i.e., spectral types O and B). Ground-based surveys using

spectropolarimetry such as the Magnetism in Massive Stars (MiMeS)  and Binarity and Magnetic Interactions in

various classes of Stars (BinaMIcS)  consortia established that large-scale magnetic fields with strengths

ranging between approximately tens of Gauss and tens of kG, which are predominantly dipolar in topology, exist at

the surface of about 10% of massive main-sequence stars. However, the origin of such strong and globally

organised magnetic fields, whether they are of fossil origin (e.g., ) or are a result of stellar mergers (e.g., ),

remains yet to be generally established. Nor is it known how such fields evolve throughout a star’s lifetime,

because a single surface measurement defines only one epoch during a star’s evolution. What is clear, however, is

that the presence of a (strong) magnetic field inside a massive star has a significant impact on its interior rotation

and thus mixing profiles compared to a non-magnetic star. Thus, the evolution of magnetic massive stars

significantly differ to non-magnetic stars (see ).

Of course, almost all constraints of magnetic fields for massive stars are limited to their surface properties (e.g.,

strength and geometry) when using spectropolarimetry. The most promising method to diagnose the interior

magnetic field properties and their impact on stellar evolution arise from magneto-asteroseismology—the study of

pulsations and their interaction with magnetic fields. First applications of this technique suggest that magnetic and

non-magnetic massive stars have different interior mixing properties, with evidence for the presence of a magnetic

field suppressing mixing in the near-core region of massive stars .

4. Multi-D Simulations of Core Convection

In addition to traditional observational techniques and comparison to evolution models, complementary synthetic

observables predicted and inferred from numerical simulations are also extremely valuable when studying the
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physics of stellar structure.

The long time scales associated with nuclear burning processes prohibit numerical simulations of convection

covering the duration of stellar evolution. However, simulations studying dynamical processes comparable to

hydrostatic timescales are much more feasible. Therefore, simulations of relatively rapid processes such as

convection and pulsations, which are perturbations to the equilibrium structure, yield prescriptions for stellar

structure that can be implemented into 1D stellar evolution models. Moreover, evolution models necessarily take

time steps that are orders of magnitude larger than the typical time scales of convection in most stars, and thus

seek to include only the time-averaged net effects of dynamical processes such as convection, mixing and wave

generation. Numerical simulations are a unique method for testing the validity of assumptions in stellar evolution

models, and provide improved prescriptions where needed (see, e.g., ).

Lecoanet and Edelmann (2023)  explore the literature of multidimensional simulations of core convection in

main-sequence stars. In addition to providing a firm mathematical grounding in the physics, they also discuss and

elucidate the differences and similarities in various numerical setups and their implications for the resultant

synthetic observables. Given their importance for mixing and angular momentum transport within stellar interiors,

the generation and propagation of waves excited by turbulent convection in the core of massive stars is discussed

in detail. 

5. Convective Boundary Mixing in Main-Sequence Stars

In addition to an incomplete theory of convection and how to implement it in 1D evolutionary models, the specific

issue of the amount and shape of the mixing profile at the boundary of convective and radiative zones remains a

primary unresolved uncertainty in stellar structure theory (e.g., ). This problem, known as convective

boundary mixing (CBM), cannot be derived from first principles and encompasses several possible physical

scenarios. One mechanism is convective penetration in which the dynamics of convective motions significantly

extend into an overlying radiative zone causing an extended convection zone . Additionally, mixing at

the convective–radiative boundary can give rise to increased chemical entrainment, which alters the chemical

composition in the zone just beyond the convective boundary in the radiative zone.

There are two main techniques that have made significant strides in our understanding of CBM: (i) hydrodynamical

simulations and (ii) observations. For the former, the ability to vary parameters within different numerical setups

allows one to study the fundamental physics of convection, and moreover the physics of the boundary layer of

convective and radiative regions. This then allows physical prescriptions from multi-dimensional numerical

simulations to be implemented in 1D evolution models (see, e.g., ).

In terms of observational constraints, the comparison of various observables to theoretical predictions from

(evolution) models reveal discrepancies in the physics of convection and thus also CBM. For example,

spectroscopy, binary modelling and asteroseismology have all independently highlighted not only the importance of
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CBM in stellar structure and evolution, but also have been able to quantify, to differing levels of precision, the

shape of the mixing profile of the CBM region .

6. Radiation-Dominated Envelopes of Massive Stars

While convection is relevant in most stars, the uncertainties in energy transport are not nearly as large as for the

outer layers of the most massive stars. In standard 1D stellar evolution models, stars close to the Eddington limit,

which is the maximum luminosity a star can have such that outward radiation balances the force of gravity acting

inward, stellar models develop rather peculiar structures.

Jiang (2023)  discusses the state-of-the art for 3D radiation-dominated envelopes. In reality, the envelopes and

stellar winds probably interact with one another, either by winds removing the inflated layer , or by other wind–

envelope interactions, which may play a role in the S Doradus variability of Luminous Blue Variables .
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