Energy Transportation

Reading assignment
THURSDAY 11/3: 12.2 (3 pages)+13.1+13.2

Homework Assignment #4 due by:
TUESDAY 11/10 before 9AM.
Note that TUESDAY is a WED schedule —> no class

MIDTERM EXAM: THURSDAY Nov. 12
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Eddington Luminosity opacity (coefficient of absorption) [m2/kg]
cross section of absorbing photons per unit of mass
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Eddington Luminosity opacity (coefficient of absorption) [m2/kg]
cross section of absorbing photons per unit of mass
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Equating the two equations, and solving
for L, | obtain the Eddington luminosity:



Eddington Luminosity opacity (coefficient of absorption) [m2/kg]
cross section of absorbing photons per unit of mass
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Equating the two equations, and solving
for L, | obtain the Eddington luminosity:
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Leqd is the maximum radiative luminosity that a star
can have and still remain in hydrostatic equilibrium.



Eddington Luminosity opacity (coefficient of absorption) [m2/kg]
cross section of absorbing photons per unit of mass
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Equating the two equations, and solving
for L, | obtain the Eddington luminosity:
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Leqd is the maximum radiative luminosity that a star
can have and still remain in hydrostatic equilibrium.

If L>Leqd, mass loss occurs, driven by radiative pressure.



For massive stars (T~50,000K), H is completely ionized in the atmosphere, hence
the opacity is due to electron scattering. X—0.7

126_ scattering — 002(1 - X) m” kg_l



For massive stars (T~50,000K), H is completely ionized in the atmosphere, hence
the opacity is due to electron scattering. X—0.7

]26_ scattering — 002(1 - X) m” kg_l

Lkl 2 .S x10 —
Mo
e & 33x0* My,



For massive stars (T~50,000K), H is completely ionized in the atmosphere, hence
the opacity is due to electron scattering. X—0.7

126_ scattering — 002(1 - X) m” kg_l
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For M=90 Msun, Ledd = 3.4x106 Lsun, I.€., 3X the expected main-sequence value.
The envelopes of very massive main-sequence stars are loosely bound at best, and
suffer from large amount of mass loss.



Energy Transportation

There are three different energy transport mechanisms in the stellar interior:

1. Radiation (photons are absorbed and re-emitted in nearly random directions as they
encounter matter)

2. Convection (can be very efficient in many regions of a star, with hot, buoyant mass
elements carrying excess energy outward, while cool elements fall inward)

3. Conduction (transport of heat via collisions between particles)



Radiative transfer
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Net difference in the exiting flux over the

entering flux per unit of area:
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H is the heat (energy) flow in a vacuum
between two parallel blackbodies of

temperature difference dT



Radiative transfer

Net difference in the exiting flux over the
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Semi-infinite blackbody planes
(they absorb all radiation)

Rosseland mean opacity [m2/kg], i.e., the
cross section of absorption per unit of mass



The net outflow of energy through a shell of radius r is: [ Cd — Lo 3 «/—/



The net outflow of energy through a shell of radius r is: [ Cﬂ =g r9* «/—/

5A) - basic equation of stellar structure when radiative
transfer is the dominant mode of energy transportation



The net outflow of energy through a shell of radius r is: [ Cﬂ = Lot o H
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5A) - basic equation of stellar structure when radiative
transfer is the dominant mode of energy transportation

NOTE: as either the flux of the opacity increases, the temperature gradient dT/dr must
become steeper (more negative) if radiation is to transport all of the required luminosity
outward. The same holds if the mass density increases or T decreases



The net outflow of energy through a shell of radius r is: [ CP) = e X H

5A) - basic equation of stellar structure when radiative
transfer is the dominant mode of energy transportation

NOTE: as either the flux of the opacity increases, the temperature gradient dT/dr must
become steeper (more negative) if radiation is to transport all of the required luminosity
outward. The same holds if the mass density increases or T decreases

In a static model, the heat flux must be sufficiently large to carry out all the energy
liberated within a given sphere, and this requirement establishes the temperature
gradient dT/dr. IF dT/dr is too large, the instability to convective gas motion.



Convective instability
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The mass element is displaced by dr without exchanging
heat with the environment (i.e., adiabatic change).

If expanded density is larger than the density of the
environment, then the displaced element is denser than
the environment, and will settle back under gravity,
otherwise net buoyant force, and it will continue upward.



Convective instability

The mass element is displaced by dr without exchanging
heat with the environment (i.e., adiabatic change).

(;-}\\\\ 3 oV \\'\-J\\\

" g 1) If expanded density is larger than the density of the
Q(r‘*' F environment, then the displaced element is denser than
s /r(rw@ the environment, and will settle back under gravity,

otherwise net buoyant force, and it will continue upward.

VY
P = — Ideal gas law

y
| R, My
&S v
\

;§
fc\‘(’
S
)
=



Convective instability
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The mass element is displaced by dr without exchanging
heat with the environment (i.e., adiabatic change).

If expanded density is larger than the density of the
environment, then the displaced element is denser than
the environment, and will settle back under gravity,
otherwise net buoyant force, and it will continue upward.
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Convective instability

The mass element is displaced by dr without exchanging
heat with the environment (i.e., adiabatic change).
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If expanded density is larger than the density of the
\\\ Q(@dﬂ environment, then the displaced element is denser than
(fw@ the environment, and will settle back under gravity,

otherwise net buoyant force, and it will continue upward.
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5B) - basic equation of stellar structure
when unstable against convective motions.



5B) - basic equation of stellar structure
when unstable against convective motions.
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(no convection)

i.e., if the temperature
changes too rapidly with
distance, instability against
convection exists
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STABILITY
CONDITION

I.e., if the luminosity required to maintain energy balance is larger
than this value, the energy will have to be carried by convection
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STABILITY
CONDITION

I.e., if the luminosity required to maintain energy balance is larger
than this value, the energy will have to be carried by convection
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In the ionization zone, the opacity is
very large, hence the luminosity there
exceeds the upper limit for radiative
equilibrium, and convection zone

develops.



IF medium is unstable —>
an adiabatically rising element is less dense and hotter than the environment —>

since the rising mass is hotter than the environment, heat will leave from it to the
surroundings —>

the net effect is the transport of heat to material at a lower temperature —>

energy transport (heating the outer regions and cooling the inner regions.



M/Msun>2

high-mass star

0.8<M/Msun<?2

1M, star M/Msun<0.8

very low mass star




Summary Equations of Stellar Structure
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NOTE: The 4 differentia equations involve BOTH space (structure) and time
(evolution). The time enters in 2 and 4
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NOTE: The 4 differentia equations involve BOTH space (structure) and time
(evolution). The time enters in 2 and 4
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For a given stellar mass and chemical composition, a sequence of models describing the
star as it ages is computed. This is repeated for a spectrum of masses and compositions.



