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Announcement

Burning Neutron Stars
Alexander Heger
Friday, September 26, 15:00

The probably by far most common thermonuclear explosion to
occur in nature is the explosion of a thin layer of material, about
the height of the physics building, that has accumulated on the
surface of a neutron star, about the size of Minneapolis, in a binary
star system - Type | X-ray bursts. | show theoretical models for
such outbursts, their very specific mode of nuclear burning unheard
of in any other stellar system, as well as their much bigger cousins,
the superbursts. | will discuss our current difficulty in
understanding how those are made, and possible solutions.
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Recap
Summary

Equation of State and Opacity

electron positron pair production for T > 10° K
iron dissociation for T > 7x10° K
helium dissociation for T > 1019K

optical depth

dr = —kpdr
@ electron scattering (Thompson scattering)

Kes,0 1
;Se ~ Eﬁes’o(l + X)

Res =

Kes,0 = 0.4cm? g !
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Radiative E
Energy Transport Equation Conductive
Rosseland

Stellar Structure Equations - Temperature Gradient

stationary terms time-dependent terms
or 1
z - - 1
om  4nr?p (1)
oP__Gm 1 o o
om  A4xwr* Anr2 ot2
om M ar T ot
oT GmT r> 0°r
gm ~ " axrtP [1 " Gm@tz] )
0X;

=fi(p, T, X
S = T.X) )

where X:{Xl,XQ,...,X,',...} .
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Radiative Ener,
Energy Transport Equation Conductive En
Rosseland a

Basic Estimates

@ mean free path /[, = %p

@ for sun
- 3M@ _ -3
PO = 4R = l4gem™>,
1

k~04cm?g™

= Ibh =2cm
@ using

T. ~ 107K,

Tourf ~ 10*K

we may estimate

AT Tc—1Ts

urf —4 -1
~14x107"K
A Ro X cm
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Radiative Energy Transport
Energy Transport Equation Conductive En
Rosseland M

Estimates

e note that /yn/Re ~ 3x10711

@ on a mean free path scale we have a temperature variation of
AT = o (4F) = 3x107* K

e with u ~ T* the anisotropy of radiation at T = 10" K is

AT
4— ~ 10710
T
@ = very close to thermal equilibrium

@ at T = 107 K this anisotropy is still 103 times bigger than flux
at surface of 6x10%ergs—! cm—2

@ = even small anisotropy can carry large flux!
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Radiative Energy Transport
Energy Transport Equation Conductive Enel
Rosseland M

Diffusion of Radiative Energy

o diffusive flux given by

j=-DVn
@ Diffusion coefficient 1
D = gV /ph
determined by mean free path Iy, and velocity v of the

particles
o for radiative flux H we replace:

o n by energy density U (per unit volume), U = aT*, and
e v by the speed of light, ¢
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Radiative Energy Transport
Energy Transport Equation Conductive Er Transport
Rosseland Me: pacity

Diffusion of Radiative Energy

@ we are only interested in the radial component we may replace

o H,=|H|=H,
o VU — %—l;/

@ we the obtain 5U 5T
22 457321
or d or

@ and for the flux

_ 4ac T3OT
3 kp Or
@ or in mass coordinate
ac T3 OT

T 31 kp?r2Om
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Radiative Energy Transport

Energy Transport Equation Conductive Er Transport
Rosseland Me: pacity

Heat Conduction

o formally we can write this as a heat conduction equation

H=—k, VT
where we define
4ac T3
Krad = 3 .,
Kp

e using F = 4rwr?H we can solve for

oT 3 kpF
or  16macr2T4

or, in mass coordinate

or _ 3 kF
Om  64racr*T?
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Radiative Energy Transport
Energy Transport Equation Conductive E /T
Rosseland Me

Radiative Energy Transport

o if we divide by the equation for hydrostatic equilibrium

oP __ Gm
om  Axrt
we obtain
oT 3 xF OP

Om  16macG mT30m
@ we may rewrite the temperature gradient due to radiation as

o _(dlmT\ _ 3 wFP
rd =\ dmp ad ~ 16macG mT#
and obtain
or __6mT o
om _ 4nrtp ™
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Energy Transport Equation Conductive
Rosseland

@ using the momentum equation including acceleration

0P _ Gm 1 o
om  Amwrt 4nr2 Ot2
find the appropriate expression for
oT
om
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Energy Transport Equation

Radiative Energy Transport

o if we divide by the momentum equation

R Y
om  Anrt Axr2 0t Axrt Gm Ot2
we obtain
oT _ 3 wF oP[ &7
Om  16macG mT3 Om Gm Ot?
o defining
o _(dnT\ _ 3 sFP[ PP
rd =\ dmp rad ~ 16mwacG mT* Gm Ot2
we write

oT__anT [, R
om _ 4nrtp ™ Gm Ot?
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Radiative Ener,
Energy Transport Equation Conductive En
Rosseland a

Conductive Energy Transport

@ so far we only dealt with the radiative flux
H=H,4
@ we can write the conductive flux in the same form
Ho = —kadVT
@ and add both up

H= Hrad + Hcd - _(krad + kcd)VT
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Radiative Energy Transport
Energy Transport Equation Conducti ergy Transport
Rosseland Mean Opacity

Conductive Energy Transport

@ we can also formally write

@ and then have for the total flux

3
H— _47racT<1 N 1) uT
3 P Rrad Red

@ and can define
1 1 1

K Krad Ked
to recover the original form
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Radiative Energy Transport
Energy Transport Equation Conductive Energy Transport
Rosseland Mean Opacity

Rosseland Mean Opacity

o for radiative transport, all quantities have to be considered a
function of frequency, I, ,n, Hy, Do, Uy, Ky, etc.

@ we then write the flux as

H,=-D,VU,
and 1 c
D, = §C/V,ph = m
@ and the energy density as
8mh V3

4
Uy, = 75(’/’ T)= 3 ehv/keT _ 1

where B(v, T) is the Planck function for intensity
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Radiative Energ
Energy Transport Equation Conductive
Rosseland Mea

Rosseland Mean Opacity

@ we may hence write

@ we obtain the total flux by integration over all frequencies

47 [ 1 OB
= —|— ——d T
A [3/)/0 ky OT V}V

@ this is a conduction equation

H= koVT
i 4 [* 108
/s
haa =2 | —22d
d 3p/0 )y OT
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Radiative Er
Energy Transport Equation Conductive En
Rosseland Mean Opacity

Rosseland Mean Opacity

@ and from
krad =

we can define the Rosseland mean opacity
1 T /°° 1 0B
- = — ——dv
Kk acT3 Jy kK, OT

acT3 * 0B
= —dv
™ 0 87—

the Rosseland mean opacity is the harmonic mean.

@ considering
1 OB\ 4r
H=——%—=|—VT
</€U6T> 3p

we see that frequencies of maximum energy flux are favored
in the mean.

@ since
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Summary
Summary

Summary

@ energy flux and effective opacity

4rac T3 1 1 1
He 7raciv7_7 1_ L1
3 kp R Krad Red

@ temperature gradient in hydrostatic star

or _ _6mT
om  A4xrtP
@ where for radiation we have
dinT 3 xFP
V= Vred = <d In P)rad ~ 16macG mT*

@ Rosseland mean opacity

1 T /OO 1 0B
- T [ 2%y,
Kk acT3 Jy kK, OT
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