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Simplified Stellar Model

Newton’s Gravitation

Integrating (1) by parts:

P M) _3cM
- = V=56,
dM
ar 47”“29(7") (2) where have defined, R,
-~ gravitational radius :
Total Energy 3G M2
Ry=-3
Ey
p?
Er :Z <mz+T>+E —|—E Rg ~ 0.37Rg,
7 Star ~ Ideal Gas
o NT =2V
R o (K)=3NT
E, = —G/ wélmjdr 2
0

c=1,h=1k,=1
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Combining all together:

3 M2
By =S m, E,
T Zm W0OR, T

dET
L= =
B dMyest 3 M2 dR,
= ‘( @ 10 Rdt)
dE
dt
L>0
dEW

<0 — ~ Diffusion
djv;”“ < 0 — Exothermic Reactions

dtg <0 — Contraction

c=1,h=1k,=1

o Nuclear energy production
increases
= T increases locally
= Expansion(reducesT’)
=reaction rate decreases.

@ Nuclear production
decreases
= P decreases
=Contraction.
= T increases
= reaction rate
increases.
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Star

Gravitational time scale

~ LT,

GM?

RL

In the case of the sun:
GMZ,

2~ 3 x 10%
RoLy 000

¢

TgN

Tg ~

Non-Gravitational Energy

GM?

By = M- =%

E,_go~178x 1(]5401'g

Neutron Stars
00000000
life-time

Nuclear time scale
4p —* He + 2v, + 2e™
Binding Energy (‘He)~ 28MeV

Fraction of mass converted into
energy:

28.28MeV

€= Ix ooy ~ 07

Again for the sun (having about
10% H):

1.78 x 10°*

0.1 x 00072222
. 3.846 x 1033

7—71, uc

1010y

1
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Some Numbers

Natural Units:

he =197.33 MeV x fm = 1

Temperature (k, = 1):

1MeV = 1.1604x10'°K

Quantity Value

G 6.67 x 10~ 8%cm? /gs?

Mo 1.99 x 1033g 1.12 x 10%°MeV
R 6.96 x 100¢cm

Lo 3.846 x 1033erg/s

TS 1.5 x 107K ~ 1073MeV
Po 150 g/cm?

00 3 x 10'4g/cm? ~0.16 fm—3
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Stellar Evolution

Nuclear Reactions
Q@ p+p— He
@ ‘He, 3He — Cand O .

@ C,0 and He — Ne and
Mg

Q@ Mg+ He — 28Si

@ Si — Fe (This lasts
days).

150

Average binding energy per nucleon (MeV)

Depending on Star’s
Mass.

4 | 1 I 1 | I | | 1 I |
0 20 40 60 80 100 120 140 160 180 200 220 24
Number of nucleons in nucleus, A
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Formation of Compact Objects

Low mass
Stars:~ 1M

(*]
(*]
(]

Burns He.

Sheds some mass.
Never gets hot enough
to burn C or O. Only
until stage 2.

Electron degeneracy
provides pressure.

No explosion.
Remnant is a White
Dwarf.

Massive Stars: M > 8M,

o Burns all the way to Fe (gets to
stage 5).

@ Fe core collapses «+» Core
Collapse supernovae.

o Remnant is a Neutron Star or a
Black Hole.

__Supernova

2005ap

SDSS December 21, 2004 HET March 7, 2005
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Gravitational Collapse

M > 8Mg

Massive star near the
end of its lifetime has More or less close:
an “onion-like”
structure just prior to

i coe. Name Year Distancelkpc]
¢ SN1006 1006 2

Red Giant Star Exampla of nuctenr Crab 1054 2.2
SN1181 1181 8.0

_ 7 RXJ0852-4642 | 1300 ~0.2
sie':?’:{’::ri‘:‘e{:ere M ) ) v TyChO 1572 7.0
reactions that ‘ Kepler 1604 10.0

occur in each
zone ! CasA 1680 3.4
SN1987A 1987 50 + 5

Strucutre of a massive star.

Before collapsing

p~2x10%/cm3.
T ~ 0.5MeV~ 5 x 10°K.
Planet size: R ~ 20km.

°
°
°
e Proto-neutron Star: hot and lepton rich.
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Proto-neutron star is hot
and lepton-rich.
Iron core grows.
Collapse to 3 x 10**g/cm?.
Density is high enough
to drive electron
capture

e+p—>n+r,
e+4Z 4 (Z-1)+ 1.
In chemical equilibrium
By, ~
He + tn = pin + By

e~ captures decreasing Y,
(and ne = Yeny)

Neutron Stars Next Time

00000000

o Delicate balance
between pressure and
gravity

o P~ n;l/ 3

o Electron fraction:

1 H
Y, =<1/, 1He, 12¢, 160
26 /06 e

= Y, goes lower than !/,

Y. too small to fail...

If s continue to escape, Y. gets
too small (not enough P) =
collapse to Black Hole.
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vs role

vs do not leave that fast

1
A,:= v mean free path. Ay = o (E)
np:= number baryon density.
0:=cross section A
v+4Z
Coherent Scattering
v+ Spin zero Nucleus. do o2
—5(0) = 5 E} (1+cos) g3 F(Q%)
dQ) 4
o Assume contact
interaction.
o Elastic pro.cess. ¢a:= Nucleus weak charge.
o Assume @ is small. F(Q?):= Nucleus form factor.

o Q%2 =2FE?(1 —cos)

¢r and ¢, are weak charges of F(Q*) = dre7Q T (g (r) + gpnp(r))
the neutron and the proton. qa.
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Cross section

qw:= Weak charge:=Weak Isospin—2 sin® Ow Gem

1 4, 1

Qu = 5735 Ow » = 2QU+Qd:§_2Sin29W
_ 1 2 4 1

w = Tyt gsnlw I = 2a+qu=—73

Since sin” 0y ~ '/, then qp ~0

Nucleus total weak charge

1 N
qa~—5x(A-2)=-3

Nucleus Form Factor
For small momentum transfer: @ x Nucleus Size << 1:

F(Q*) ~1
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vs mean free path

9 (9 = Ok
dQ)  Aq2

do
Q— (1 -
/d dQ( cos b))
2G% _,N?
il Sy 5 S
3w V4

Otr =

Consider Iron core:

56Fe, N =30

Gp =1.16 x 107" MeV~—2 and
E, ~ 10MeV.

6.4 x 10~ "MeV 2
2.49 x 10~ "3fm?

Otr =

By (1+ cost) ¢3F(Q?)

... baryon number density is:

Na
ny = ﬂbﬁOy
10128 6.02 x 10
cm? 56g

~ 1.07 x 10 °fm ™3

v trapping
A = ~ 3.7 x 10'%fm
NpOtr
= 3.7km < Ryg

Next Time
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Questions from last time

@ Simplest stellar model, E, counts only photons that do not come
from nuclear reactions.

@ Star life-time Had a typo: should be 10% Hydrogen. This is the
amount of H available to burn in the sun.

@ Stellar Evolution Where the 3He comes from in stellar reactions?
= For all pp chains:

p+p — d+em +u.
d+p — 3He+~

from here different possible paths could produce *He, different
pp-chains, all of them destroy >He.
@ vs role Why that form for the differential cross section?

do }%

d?< )= 472
Original paper by Freedman (PRD 9 1389 (1974) )

E? (1 + cos ) ¢4 F(Q?%)
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Since vs still in the star.

Y. does not fall as fast (e—capture is suppressed),
=This prevents the collapse to happen faster.

vs are radiated from the proto-neutron star (7, ~ s),
BUT timescale of the collapse is ms = vs are trapped.

The supporting pressure is still decreasing.

When Pcore = PO, PO = 3 x 10"4g/cm3
the outer core free-falls onto inner core.

The hard core repulsion makes the core to bounce

= a shock wave is generated.

Shock losses its energy through scattering with v and nuclear
processes.

vs from the core (assisted by other mechanisms) resuscitate the
shock (no conclusive),

= expelling the massive stellar mantle.

Proto-neutron star shrinks because of the losses of neutrinos



Supernovae II a

00000080

Role of Supernovae

Energy released in vs:

MGS) < MN5> 53
oF = | -G —| -G ~ 10°°erg.
< Rgs Rys 8

o Stellar Nucleosynthesis.
(Abundances).

o Trigger star formation.

Accelerate cosmic rays.

Important source of vs.

Hubble image of the crab nebulae.

@ The remnant is either a Neutron
Image from NASA. Star or a Black hole.

Expanding ejecta from the explosion

Type Ia can be used as standard

in 1054.
ruler for astronomy.
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Supernovae Remnant = Neutron Star

lear Pasta

erfluid
P é‘ugggconducto
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Neutron Star cooling
Weeks after the explosion, T ~ 10° — 100 K.

O (1) = 1 ()L (T)+ S B,
k

dt

By then the star is in
thermal equilibrium.
T;:=Internal temperature.
Ts:=Surface temperature.
Hj;:=Heating mechanisms

e In 10 to 10? years heat is
transported by electrons into
the interior,
where it is radiated away in vs.

o T, 4T, (friction.al heating of
superfluid neutrons in the
An inner crust or exothermal
Cy = ?R?’cyTi nuclear reactions.)
L,(T;) = /der Q. := Neutrino emissivity

L,(Ts) = 4nR*eT:
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Cooling Timescales

Relaxa-é _Neutrlno cooli- Photon
tion i ing stage | stage
L o e B e L B B B L
r d 2 i
i R | 5 ]
64 : - B ; 8
i g7 i 1
H ._{_1 8 A J
6.2 \ ] 1 ? —
3 i (- 1
St g S8
= ot i -
8u 6 g I ! o ",: -
B L 1 . 1 S
ap L H 3 ¥ . 5
- [ i & g i s
58 [ : 8 g : # ]
I L= g i 1
L : E o : o 4
L i s 1
56 s ENAN
[ : PE 8 i
I : Py ]
=3 S S P NS ST S B S S S L
1 2 3 4 5 6
lgt (yrs)

Red line is model of Modified Urca (slow cooling) by Yakovlev & Pethick (2004)
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v cooling- emissivity
(), ‘= v emissivity
@ Depends on specific reactions (microphysics).
o In general two forms are found:
Q, = T}
Q. = QT

o From where the v luminosity is:

Lllz = QlTiS

AT R3
L}z} = 3 QZTiG
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In the v - cooling era: L, << L,
Neglect other processes (Hy ~ 0).
dT; @QITS
Ov(T) St = —L(Ty) =4 3a <
V( ) dt ( ) #QQTE)‘
from where we find:
T, ~ t=1/6, for L}

t=1/4, for L?

LY =slow cooling.
L2 =fast cooling.

But how to relate T and T;?
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T; and T
Assume a power law:

1
ata

Ts = Kenv Ti

o Here keny and a depend XS
on the composition of SARN
the envelope. ~

o It has been found S~
a << 1 for most of the = ~~e .
proposed compositions. I Tl QT

m \ ey PaY e 1
° 1.11( n from previous QT,
slide:

t=1/12 for LY ' ' ' '

Ty ~ .
‘ t=1/8, for L? t
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U emission processes
At high densities
Name Process Qulerg/cm3s] Ly [erg/s]
Dir. Urca n—p+et e ~ 102778 1067
pt+e—>n—+ve
Quark Urca d—u+e+ ve ~ 10 TS 10111278
u+t+e—d+ e
Kaon Condensate n+K~ —n+e+ e ~ 1024T§j 1042T96
n+e—n+ K~ + e
Pion condensate n+nm- —>n+e+ e ~ 102°T§ 1044T§
n+e—->n+mn +re
w
At any density
Name Process Qulerg/cm3s] L, [erg/s]
Mod. Urca n+n —-n +ptetve ~ 10°9T¢ 1010TF
pte+n —n' +n+ve
Bremsstrahlung N+ N > N+ N+4+vp+vp, =~ 1020Té5 10‘58Té5

T
© 10K

TVL
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Checking the Urcas

Direct Urca

n—pt+e+r,
pte—>n+r,

Charge Neutrality

Since gravitational attraction should
win against Coulomb repulsion:

Ze? < G(Amyp)m
R R
Then net charge number:

7 < 107394, electron added
~ 1107354, proton added

Effectively:
n—n-4+ve+ v,

e Composition does not

change, V. = const.

e n, =n, ( charge

neutrality).

e But if n, is too small since:

Pp = (37r2np)1/3
= pp & p., are too small.

@ Direct Urca could only

occur at high densities.
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Next

Finalize review on Cooling of Neutron Stars.
Pulsars as Neutron Stars.

Period of rotation, speed of sound, and causality.
Uniform Nuclear Matter.

Equation of State for Nuclear matter.

Beta Equilibrium.

Size and Mass. (Chandrasekar limit).

Overview
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