Virial Theorem + Kelvin timescale

I Recall the virial theorem was expressed as

ik 2KE + with external pressure P=0

I For a star in hydrostatic equilibrium, (‘iﬂ: 0)

2KE+" =0
! The total energy of the star is:
E=KE+" = 3
! So where is the other half of I ?
o/ " half the gravitational energy is radiated away during contraction

Kelvin Timescale
! How long can gravitational collapse maintain the Sun’s luminosity?

2
" =1# 1L, $%(;OI\I/|_° $2%0"yrs

(o]

|  But the Sun is 4.5x10° years old ... go nuclear!
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Nuclear Burning Lifetime

! H# He converts 0.8% mass to energy
! Energy from “burning” all of the H in the Sun:

E,.=0.00aV c? 2H "H
=0.008'1.989#10% " (3#10'%)? a
=1.4#10* ergs @

v _ Enue

nuc LO
_ 1.4#10% 6 N
3.9#10% o
=10" yrs o ‘He + 3.5 MeV

el To date the Sun has converted Ak mey

9
! % " 0.04M,0f H$ He

or just over half a billion tonnes a second...

Keller - Stellar Evolution



1.1
2.!
3.!

Energy Transport in Stars

The emergent energy flux is determined by the mechanism of energy transport
Radiation
Convection

Conduction

For all these mechanisms the temperature gradient determines the flux.
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Radiation

Consider a shell, (Radiative diffusion approximation)

in thermal equilibrium radiation exerts a pressure

-~ 4
1" P+ 8P, Prad = % al where a is the radiation constant
*//?r’ il
~&r— 5
Force on shell due 4%r“a

=P " (P +#P).4%r2 =

to radiation pressure

3 )

The photons pass through the shell are attenuated as the material
has opacity K,
K has units of m?kg™" - i.e.a cross-section for absorption

The absorbed photons deposit momentum and the continuous deposit of momentum
exerts a force which must balance the radiation force for equlibrium

Force due to absorption —n ﬂ#@%&

of photons C
I 2
equating : a'r 4 waT3er =" £#$cy&f
c
dT 3%%.
=" i I (13
( dr 16acT?’ r* (13)
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an application to massive stars

Radiation

As we saw previously, the absorption of photons by the medium leads to a force
For a source of luminosity L in spherical symmetry:

The force per unit mass f

foo=

IIL

For a point mass M, the inward force due to gravity is:

rad

is then:

Radiation pressure balances gravity when f_,=f

L=

At greater luminosities the pressure of radiation exceeds the gravitational force and gas is

blown away.

4"cGM
#

rad™ 'grav
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Energy flux a distance r is y

i L
Momentum flux is %4,,”2)

(

4”

r’)



Radiation
massive stars and the Eddington Limit

! Assume opacity is due to free electron interactions (Thomson scattering)

"o #T
= mH

where m,, is the mass of a hydrogen atom, and #,.the Thomson cross - section

! This defines the Eddington limit:

_4"cGMm,
L eqa T s
.

&
=1.25% 1038(£l ergs”
M, *

&
= 3.2$104(ﬂ?|'|_0
M, *

! This assumes Thomson scattering opacity only. In an ionised gas containing
metals or dust the opacity will be higher hence the maximum luminosity will be
lower. The Eddington limit derived from the above is ~100M,
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Schwarzschild criterion for stability
against convection

Define the temperature gradients:

S$ANT! . . .
" :%— as change in InT and InP changes adiabaticall

" :é#lﬂz = actual temperature gradient
#InP

$ANT! . .
" = = temperature gradient that would exist if all
rad E%ﬂn szd P g

energy could be carried away radiatively

Consider a blob of gas perturbed upwards, if the blob is large enough and
moved fast enough that T changes adiabatically:

"InT(blob) =# _,"InP

and for the surrounding medium:

"InT(medium) =#"InP

If T(blob) > T(medium) after the perturbation then the blob will accelerate due to
buoyancy - i.e. the medium is convectively unstable

.« <" # Convective zone - Schwarzschild Criterion
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Criterion for Convection

If a rising blob moves adiabatically (dQ=0) then
P

- = constant . (13)

P

Element  Surroundings

Lros P P/ O\ P + (dP/d2)dz
p-odp\__/ p+ (dp/dz)d:z

p p

-
~

let the blob start with pressure P, density p and finish with
P-OP, p-Op having risen a distance 6z.

The surrounding gas at the evelvated position has pressure
P+ (dP/dz) &z and density p + (dp / dz) &z

Using (13),
p-o P (14
(p-6p)Y pY
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Criterion for Convection 2

For small 6z, &P, 6p, binomial expansion of

(p- 6p)Y = (pY - yp¥ '5p)
so equation (14) becomes:

P
5P = ' 5p

P

The blob is in pressure equilibrium with its surroundings so we can
write

6P = - —&z
dz

and equating the two above and solving for p:

-p dP
op = L 6z v (15)
YyP dz

In order to rise the blob must have a lower density than
the surroundings, so:

dp
(p—06p) < p+ — 6z .. (16)
dz
Substituting (15) in (16) we get,
P dp 1
R —— < —
o dp y v (17)
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Criterion for Convection 3

For an ideal gas of mean particle mass m,and with negligible
radiation pressure

P = pkT/m m can be considered constant here

logP = logp+ logT + constant

which we can differentiate to give:
dP d dT
a_de 9t

...(18)
P P T

so finally with (17) and (18) we arrive at the condition for
convection

PdT<y—1
T dP Y

Although we can determine a criterion for when convection
occurs we can not quantify how much energy is transported.
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I Graphically, we can see that convective fluid motions will act as an additional
source of energy transport:

o
;AT/T(F’fdr) T">T(r+dr) : unstable

Adiabatic Tl
| ! - Actual Temperature Gradient

Temperature
Gradient

r

! In this unstable situation, the displaced element is hotter than its new
surroundings. If we now relax the requirement of adiabaticity, radiation will leak

out of the rising fluid element
! This provides an extra energy flux from hotter to cooler regions.
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Mini-talks

The idea is to do a literature review of a topic and express what you have found out
to the rest of the class.

A fundamental research skill

We’'ll schedule this for Friday next week

Aim for 4 minutes - so a page and half maximum (A4)

You can show a couple of (<3) graphs on the document projector.

Topics ! Topics cont...
—1I Origins of the IMF - what are some ideas regarding —I Stellar Mass-Loss from Mira, see _
its formation? (Kroupa) http://arxiv.org/abs/0710.3010 what is happening

here? How much mass is lost?

- iti ion - i ?
I Competitive accretion - what does this mean” 1 Supernovae models fail to explode (

What is the evidence for this? (Bonnell) http://link.aps.org/abstract/PRL/v90/e241101)
—!I'Initial mass segregation - How does this come Why?

about —!' " Why are the micro-lensing results of the MACHO
-1 Convective core overshoot - why is this an issue? experiment in question? (

http://adsabs.harvard.edu/abs/2007A%26A...
469..387T)

- What are RCorBor stars?

—! Rotation and stellar evolution - how does rotation
affect stellar evolution? (see Langer + Heger 01)

—! B68s ablob of dust and gas undergoing strange - What does Boron tell us about stellar rotation?

oscillations - how were the puls.ations found and http://adsabs.harvard.edu/cgi-bin/nph-data query?
why are they occurring? What is the status of B687? bibcode=2002Apd...

=!I In the LMC there is a region called 30Dor or NGC 565..571V&link type=PREPRINT&db key=AST

2070, a huge cluster of OB stars. What is the IMF
here? Is there evidence for a non-standard IMF?

How to find articles: ‘ADS Harvard’ + ‘astro-ph’ (google these)
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