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Masas

Figure 12.13 Doappler velocities of the stars in an eclipsing binary are used to measure the masses of the stars,
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12,17 The main seq of the H-R. diagram is a

of masses.

Mass determines the

Secuencia Principal =
Secuencia de Masas

40,000 30,000 20,000 10,000 6,000 3,000
Surface temperature (K)

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR.

12/2/2011



12/2/2011

Luminosidad, radio y temperatura en funcion de
la masa para estrellas de la Secuencia Principal
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12.16 Plots of luminosity, radius, and temperature versus mass for stars along the main
. The mass (and chemical composition) of a main sequence star determines all of its other properties.

La masa (y la composicion quimica) de una estrella de la Secuencia
Principal determinan todas sus otras propiedades

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR.

i Elements Found in the Sun
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Las abundancias de los elementos en la Tierra pueden explicarse a partir de la

nucleosintesis solar

Figure 16.12 The rela-
1 ‘H tive abundances of different
" lements on Eanth are plot-
10 ¢ r
g grluN\;JanTms ted against the mass of the
1072 in He burning. muglens. This patterm can be
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% 1072 Ce process of mucleosynthesis in
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Figure 13.1 The structure of the Sun is determined by balances
between forces and in the outward flow of energy.
Estructura
estelar: ) At each point within ) 7
. the Sun, the outward
determinada s itimingg
por el F
g . 2 ...‘
equilibrio @ ...is balanced by the
inward pull of gravity.
entre la

gravedad y la
presion, y el
equilibrio
entre la
generacion y
la pérdida de
energia.

The energy radiated
from the surface of the
Sun balances the energy |
produced in its interior.
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Ecuacién de equilibrio P (r+dr) | |
hidrostatico
M (r)x Am
APxds =G M(DxAM _
r
M (r)x pxdS xdr
G
r
M (r)x pxdr
dp = g M (N> pxdr
r
Si p constante: GmAm
4 r2
—ar’ px pxdr y y
dP = -G 3 ¢Quién soporta esta presion?
- 2
r 4 2 *Presion del gas (peso molecular medio)
2
I:JSup - PCentro =-G g” xp X 7 *Presion de radiacion (fotones)
*Presion de gas degenerado (electrones)
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Stellar theory”
Conservation of dMm, , r  radial distance
mass ke 4npr (9.60) | M, mass interior to r
p  mass density
Hydrostatic dp _ —GpM, 9.61) | P Pprossure
equilibrium dr = 2 (9.61) G constant of gravitation
Energy release % _ 41!pr2£ (9.62) L, luminosity interior to r
dr €  power generated per unit mass
Radiative dT -3 (k)p L, 9.63) a ‘;‘“{P"’a];":‘
transport =T T3 3 X a tefan-Boltzmann constant
P dr 160 T? 4ar (x) ‘mheas opacity
Convective dT —1Td
transport T ?T ; d—f (9.64) | v ratio of heat capacities, cp/cy

“For stars in static equilibrium with adiabatic convection, Note that p is a function of r. x and € are functions of
temperature and composition.
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Figure 13.5 Higher-temperature regions decp within the Sun produce more radiation than lower-
temperature regions farther owt. While radiation flows in both directions, more radiation flows from the
hot regions to the cooler regions than from the cooler regions to the hot regions. In this way, radiation
carries energy ownward from the inner parts of the Sun.
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* La opacidad del medio
es una medida de la
dificultad que
experimenta la radiacion
(fotones) en atravesarlo.

* La opacidad depende de
varios factores, que
incluyen la densidad del
material, su composicidn,
su temperaturay la
longitud de onda de los
fotones que se mueven a

Photons take tortuous paths out of the Sun’s interior. través de él.
Meutrinos pass right on through in just two seconds. |
CLM =— =
Kp

R [—

Introduccién a CTE Il (2011), Depto. de
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Figure 13.6 The interior
structure of the Sun is divided
into zones on the basis of where
energy is produced and how it is
trausported outward.

* La transferencia radiativa es mas eficiente en
regiones de baja opacidad.
* La zona radiativa es la regién donde la
transferecia radiativa es la responsable de
transportar hacia afuera la energia de la estrella.
* A pesar de su opacidad relativamente baja, el
CML es tan corto que a un fotén y le toma unos
100000 afios viajar desde el interior del Sol
hasta su superficie!
* En el limite externo de la zona radiativa la
temperatura cae a unos 100000 K, y los &tomos
ya no se encuentran completamente ionizados,
lo cual incrementa la opacidad.
* La transferencia radiativa se vuelve cada vez
menos eficiente, y el gradiente de temperaturas
se vuelve cada vez mas empinado.
* Aparece una nueva forma de transporte de
et ene.rgl'a; la conveccion: céIuIlas d’e gas caliente
from the Sun's surface ascienden a través del gas mas frio que las
rodea.

Introduccién a CTE Il (2011), Depto. de
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Rotacion diferencial y actividad solar
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Figure 13.2 A autaway figure showing the interior structure of the Sun. (a) Temperature, density, and
pressure increase toward the center of the Sun. (b) Energy is generated in the Sun’s core,

D The same data are
plotted two ways,
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El “oscurecimiento al limbo’

D The Sun is “limb darkened” B .. because near its edge we see
It Is fainter near its edge... the Sun at a steep angle, and so do
not see deeply into its atmosphere.

Near its center we observe the surface
of the Sun face-on, and so see deeper
into hotter, brighter regions.

Introduccién a CTE 11 (2011), Depto. de

Astronomia, IFFC, UDELAR 7

14 Apr 1680 04:48 14 Apr 1980 05:44 14 Apr 1580 06:10 14 Apr 1980

24 Oct 1989 15 24 Oct 1989 18:08 24 Oct 1989 18:25 24 Oct 1988 19:15

Source: High Altitude Observator lar Maximum Mission Archives
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Estructura del Sol

* Interior:

— Nucleo

— Zona Radiativa

— Zona Convectiva
e Atmosfera:

— Fotdsfera

— Cromosfera

— Corona

e Viento Solar

Imagine a hypothetical Sun
that has a mass of 1 M, but

Hydrostatic
is larger than the Sun. equ'n!il)rium

True | Hypothetig
Sun | “larger”
Sun

With more surface area
to radiate, the larger Sun
would be more lumincus
than the true Sun...

...while gravity would
be weaker inside the
larger Sun.

Weaker gravity means that the
pressure in the interior of the
larger Sun would be lower.

Lower prassure means |owar |

temperature and less energy
generated in the larger Sun
than in the actual Sun.

The larger Sun would not |
produca enough energy 1o |
replace that radiated away. |

As the out-of-balance
hypothetical Sun lost
energy it would shrink, |
until energy produced |
again balanced energy
radiated away.
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Produccion de energia en las estrellas

T B cNO cycle prod
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Figure 16.2 Plots of the
rate of energy generation as a
function of temperature_for the
proton—proton chain and the
CNO cyele. At the higher
central temperatures of stars
mare massive than 1.5 Mg,
it is the CNO cyle that more
efficiently fuses hydrogen into
helivim.

23

La cadena proton-proton
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Figure 13.4 The Sun and
all main sequence stars get the
energy by fusing the nudei of
four hydrogen atoms together &
make a single helium atons.
the Sun, about 85% of the
energy produced comes from
brandh of the proton—proton
chain shoun here.

24
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La cadena proton-proton (p-p)

1

H " .
T'he Proton-Proton Chains
ftne ofthe two ways to burn hydrogen.

+ 2
|l*+l' = “Hae +vc‘ [ e p—s “Hav, |

“pep"”
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1 3 He
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Tasas de reaccidn para condiciones al interior del Sol:

T~107K  p ™~ 10° kg/m?
p~10°ke/ g
Valida para T < 2x107K, M < 1.5 Mg, -

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR
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La cadena p-p

* Fraccidon de masa que se convierte en energia:

Am

———— =0.007
m(4H)

* Energia generada:

c=Amxc’

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR
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El Ciclo CNO

(a) CNO cycle

+-radiation )l"[ Gamma rays (1)
@ gl
0 8 Positron (¢*)
H ...---" o Neutrino
13 Q/;' Gamma rays (y)
13 e ‘IF‘".I ,;::'/
He— T8 Positron (e*)

N » Neutrino
___,_.-v 4
(b) Net reaction HO N / e

150
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.00 . . @ @ L T N@

12,
BC + 4'H + 2 —= 12C +4He + 2v + 77 C

PC is a catalyst for H buming.]

Introduccién a CTE Il (2011), Depto. de

Astronomia, IFFC, UDELAR. 27
El Ciclo CNO
Tasas de
reaccion: The CNO Cycle
12 13 The other main way to burn hydrogen.
— 10%afios
C + p4> N + 'y Sall dp—n‘l[l:, but uses '’ as a “catalyst”.
13 N_>13C + e+ Y 7 mins s Proton in
[
u
. wp = Ny
13 14 2x105 afios -\
C+ p—> N+ T / » Helium out
14 N + p;)lso + ry 3x107afios |”.\+p—’ O Hcl I”N-o”(_‘w'w I
3
2 mins t “~. Proton in ) l
15 15 + .~ Proton in
O—-"N+e" +v, ;
e o h []5()—>”.\+c‘+v I I”l)p—»“xw ]
N+p—>~C+'He 10* afios
I \
3
= Proton in
Las tasas de reaccidn son para T~ 2x107 K.
Para T~10°K, la reaccidn se hace explosiva.
Introduccién a CTE Il (2011), Depto. de 28
Astronomia, IFFC, UDELAR.
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Figure 13.8 Nentrino “tele-
It like
visible-light telescopes. {a) The

scopes”' do mot look ni

Homestake nentrine detector 1s
a 100,000-gallon tank of dry
s fle cated decp in a
mine in Sonth Dakora. (b
The Super Kamiokande detec-

tor (shoun before it was com-
pletely filled) is a tank contain-
ing 50,000 1ons of pure warer
surmonided by over 11,000
photomultiplier tubes that record
flashes of light from reactions
witlin the tank. (c) A map o

the flash of light from a si

nentrino derected by the Super
Kamiokande detector

Introduccién a CTE Il (2011), Depto. de 29
Astronomia, IFFC, UDELAR

El proceso triple-a

Figure 15.7 The triple-alpha processes: Two *He nudlei fisse 1o

Sform an unstable *Be nuclews. If this nucleus collides with another ° La com bus‘“o’n del He

*He nucleus before it breaks apart, the two will fuse to form a stable

nuclens of carbon-12 ("2C). The energy produced is carried off both en eStre| |aS de ba]a
by the motion of the 2C nucleus and by a high-energy gamma ray masa se da med iante

emitted in the second step of the process.

dos etapas, en un

f'"..:;n‘“m‘;““‘w“‘“.m: proceso llamado
k:manunstaue‘aemcia\u;;‘ triple—a.
"
\" a2
/9‘ f!c
1o @ &
‘He \
2
B 1t this nucleus collides with energy
another *He nucleus before
it breaks apart, the two will
fuse to form a nucleus
of carbon-12 ('2C).
Introduccién a CTE Il (2011), Depto. de 30
Astronomia, IFFC, UDELAR °
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FIGURE 16.18 Overall, the average mass per nuclear particle declines from
hydrogen to iron and then increases. Selected nuclei are labeled to provide
reference points. (This graph shows the most general trends only; a more
detailed graph would show numerous up-and-down bumps superimposed on
the general trend.)

hydogren

uranium

mass per nuclear particle

atomic weight (number of protons and neutrons)

Introduccién a CTE Il (2011), Depto. de
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Stellar fusion processes’

PP1 chain PP chain PP chain
pr4pT—iH+e! +v, p +p —=TH+e 4+, pr+pt—=iH+et+u
IH+p* —3He+y H4p™ —iHe4y TH4pt —3He+y

IHe+ 3 He—3He + 2p~ iHe+tHe - Be+y iHe+3He—IBe+y
13&:+c' —»_3Li+'uE I 1Be+p+ _.§3+}|
LitpT —2iHe B—+iBetet v,
8Be—23He
~ CNO cycle triple-a process - N
BC4p' =" IN+y iHe4iHe=3Be++ 7 photon |
UN—="CHeT 41, iBe+iHe="iC" p' proton -
Beypt o HN 4y B 4204y e positron
UN+p+— 1304y = electron
150 = 1IN e 41 ve electron neutrino
UN+pt—'3C+3He
2All species are taken as fully jonised, :
Astronomia, IFF‘C, UDVE'LAR.. 32
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Evolucion Estelar

Cantidad de combustible

A
[ !
~ I-OXIOIO X(M (Msol )) afio

T ~ S
nuclear
_ L(Lsoi)
Tiempo de \ l
vida de la
estrella en la '
SP Tasa a la cual se usa el combustible
Introduccién a CTE Il (2011), Depto. de 33
Astronomia, IFFC, UDELAR.
: | No stars less massive than
1012 .| |about 0.8 Mg have ever
| |evolved off the main sequence.
2
2 qq10
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Main sequence spectral type k.

Figure 15.1 The main sequence lifetimes of stars.

Introduccién a CTE Il (2011), Depto. de
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Evolucion
dela
abundancia
de H/He en
el Sol e 154 oot et

position of the Sun is plotted
here as a fraction of mass
against distance frone the center
of the Sun. (a) At the time the
Seent formed 5 billion years age,
about 30% of the mass of the
Sun was helium and 70% of
the mass of the Sun was hydro-
spen throughout. (b) Teday 0 02 04 06 08 1.0
the material ar the center of the
Sun is about 65% helium and Fraction of radius (RIR)
30% hydragen. () The Sun's

main sequence life will end in

about 5 billion years, uden all

of the Ipdrogen ar the center of

the Sun is gone.

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR.
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Cuanto mas masiva una estrella, mas rapido evoluciona

Figure 1616 H-R diggrams of sar clustess e auapehors of steilar eovution. These ane simlaied H-R
iagramns. of  cliusker of $0, 00 shan of solar compention soea at dilferent tims flksitng the birh of the
chuirr, Note the pergrrssion of the i sequarmer ol 10 kaeve ursd Lsivy sasies
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1,000
Figure 16.18 H-R diagrams for clusters having a range of differ-
ent ages. The ages associated with the different main sequence
turmoffs are indica
100 F 10°

H

Red luminosity relative to Sun

Luminosity (Lg)
g

10'

il
1 07 0504 03 02 0.1
Bawa/brgg COlOr

107!

Figure 16,17 The observed H-R diagram of the duster
47 Tucanae agrees remarkably well with the theoretical c
(solid line) of the H-R diagram of a 12-billion-year-old duster.

15 10 07 0504 03 02
bg/by color

Introduccién a CTE Il (2011), Depto. de
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Figure 15.3 The stuctire of a star near the top of the red giant {!mndl is com- - Nonburning
pared with the structure of the Sun. Left panels compare the size of the Sun with envelope
the size of the red giant. Right panels compare the size and structure of the Sun e
with the core of the red giant. The pancls at right are blown up by about S =
50 times compared to panels on the Ief, T
1 M MAIN SEQUENCE STAR a’”
ogen-
1 MgRED GIANT STAR «—— burning cora
50 Ro =35 x 107 km — [T
1Ro=7 % 105km
but this luminosity comes from
hydrogen burning in a thin shell
around a tiny degenerate core.
38
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Electron
degenerate
helium core

Hydrogen
burning shell

e 15.6 In a red giant star the weight of the overlying layers of the star is supported by “clectron
eneracy pressure” in the core arising from the fact that electrons are packed together as tightly as allowed
quantim mechanics. Even so, atomic nuclei in the core of the star are able to move freely about within

he sea of degenerate electrons, and so behave as a nommal gas.

Introduccién a CTE Il (2011), Depto. de

Astronomia, IFFC, UDELAR. 39

107

108

L Runaway He-burning:
ki The degenerate helium

10" y core explodes within

the star

HORIZONTAL BRANCH STAR

Luminosity (L)
g

Stable He-burning core

Hydrogen burning shell

10!

Non-burning hydrogen
envelope

102

1072 : ! :
40,000 30,000 10,000 6,000 3,000
Surface temperature (K)

Figure 15.8 When the core temperature of the red giant reaches about 10° K, He begins to bum
explosively in the degenerate core, leading to the helium flash. After a few hours the core of the star begins
to inflate, ending the helium flash. Over about the next 100,000 years (a relatively short time), the star
seftles onto the horizontal branch, where it bums He i its core and H in a surrounding shell,

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR.
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diagram as a cooling white
dwarf star.

Forming planetary
nebula (expanding
outer layers of star)

B
=4
E 10'
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15.13 This H-R
summarizes the stages
the post—main sequence
jon of a one-solar-mass
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107 H-burning shell
He-burning core
10°
! ;. ; HELIUM
10° I3 | FLASH
10t
3 10°
10
10'
| 1 \ g ( Runaway He burning
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Planetary Nebula

opaque opaque

transparent

Observer

Figure 8.12 Sketch of a planetary nebula and its nucleus (PNN).

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR

44

22



) Hydrogen codects on
fhe surface of a white
dwarf in a binary system

{

TYPE | SUPERNOVA

Degenerate
carbon white
dwart

Hydrogen skin
accreted from
binary companion

(e} COLLAPSE

B 1t the white dwarf mass

B ...leaving the white dwarl 8 The Type | supernova |
and companion 10 possibly | consumes the white
repeat the show. | dwart completely.

Figure 15.15 In a binary system in which mass is transferved
onto a white dwarf, a skin of hydrogen builds wup on the swrface of

the d

white dwarf, If hydrogen burning ignites on the sur-

face of the white dwarf, the result is a nova. If enough hydrogen

accumulates to force the white dwarf to begin to collapse, carbon

i ignites and the result is a Type I supemova
ignites and burns explosively.

Introduccién a CTE Il (2011), Depto. de

Astronomia, IFFC, UDELAR. 45
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Accretion
disk

o

~—— Neutron star

Evolving star

D An evolving star overflows its
Roche lobe, pouring matter onto
its neutron star companion.

Infalling matter heats the B ...and feeds relativistic
accretion disk to X-ray- jets from the rotating
emitting temperatures... neutron star.

Introduccién a CTE 11 (2011), Depto. de

Astronomia, IFFC, UDELAR 47

Neutron stars have enormousty B Electrons and positrons maving in the neutron star's
strong magnetic fields, magnetic field produce radiation that is beamed away
from the poles of the neutron star.

B As the neutron star
rotates, these beams
sweep around like the
beam of a lighthouss.

Neutron star -

Magnetic
fiald

As the beams sweep past an
observar the neutron star appears
1o pulse on and off, earning it
the name “pulsar”

24



n In a vacuum virtual particle/
antiparticle pairs spontaneously
appear then annihilate each other.

e as Hawki

E When a pair forms near the event |
horizon of & black hole, one of the
pair may fall into the black hole..

The stream of particles from the
black hola is called Hawking radiation

Pulsantes

Eruptivas: T
Tauri, novas,
supernovas

Eclipsantes

Estrellas Variables

TABLE A.5. Properties of Pulsating Vanables.

Mean brightness

Range of Spectral

Type . M, and Remarks
Period, P Type variation AM,,
RR Lyrae < 1d AdwF4 M, =06 Found in
(Cluster Variables) AM, ~ 1.0 the halo of
the Galaxy
Classical Cepheids 1-50 FtoK M, =-261t0-53 Found in the
M,, AM, depend on P disk of the
AMy ~0410 1.4 Galaxy
W Virginis Stars = 10 FG M, = one or two mag. Halo
(Type 11 Cepheids) less luminous than population
Class. Ceph. of similar
period. AM, = 1.2
Mira Stars 1001000 Red giant M, ~ from =2.2t0 0, Intermediate
(Long Period AM, =from3to5for  between disk
Vanables) increasing period and halo
Semiregular 40150 Red giamt M, =010 -1 Disk
Variables AM, ~ 1.6 population
Introduccién a CTE 11 (2011), Depto. de 50

Astronomia, IFFC, UDELAR
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Crab Nebula

Palomar

PRC96-22a - ST Scl OPO - May 30, 1996
J. Hester and P. Scowen (AZ State Univ.) and NASA

Nebulosa y pulsar del Cangrejo
Explosion de SN en 1054 AD

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR

H =+ Ha

T T T T T
He — C+0 Corg Collapse, Supemova Il
N,

¥

Quart. J. Roy. Astron, Soc., 26].

Astronomia, IFFC, UDELAR

o, ToWnita Dwart (0.85M) AGE
D S bl i B S
w* Second Dredge-Up Begins PN
4T |, ToWnito Dwarl (0.6M, [ " Election]
A g e ey = ~I. 4 Tharmal
Pulses
Begin
- 8 e
2 Hallym
g‘ Flash
2 |
Horizontal Branch
®,
He = C+0
1 b
™ nce
H =+ He
0 First w
Do
1 L L 1 L L
4.1 38 37 35 33
Log (Tyy)

Figure 8.19 Evolutionary tracks of 1My, 5My, and 25M, star models in the H-R
diagram. Thick segments of the line denote long, nuclear burning, evolutionary phases.
The wrnoff points from the AGB are determined empirically [from L Iben Jr. (1985),

52
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AGE (billions of years)

Formacion de elementos mas pesados

Nonburning

* En el borde exterior de la
Hydrogen-burning . Capa de cenizas de

& Carbonoy el interior de
la capa de quema de
Helio, se pueden dar
reacciones de formacién
de atomos mas pesados
como:

Helium-
burning
shell

Carbon ash

12C + 4He > 160 + y
160 + “He —— 2°Ne +y
2Ne +“He—> Mg +y

Introduccién a CTE Il (2011), Depto. de

Astronomia, IFFC, UDELAR. o4
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La combustion de carbono y oxigeno

e SiT>7x108K, se produce 12C + 12C 5 20Ne + “He
la quema de Carbono. Mg+ y
- 7 23Na + p*
Puede durar por 1000 afios.

] 160 + 160 — > 28Gj + 4He
* SiT>2x10°K, se produce la ——> 3254y

guema de Oxigeno. Puede —>31p 4+ p*
~ —> 31 0
durar por 1 afio. S+n

Introduccién a CTE 11 (2011), Depto. de
Astronomia, IFFC, UDELAR
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Fotodesintegracion de nucleos

20Ne +y —s 160 +4He

220Ne + Y — 160 + 24Mg + Y

Introduccién a CTE 11 (2011), Depto. de
Astronomia, IFFC, UDELAR
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El final de la formaciéon de elementos por
reacciones termonucleares: la quema de Silicio

Serequieren T>3x10°%Kyp 28Si+y ——  7(*He)
> 10" kg m3. 28Gj + 7(*He) — 56N
Implica la rotura de los
nucleos de Silicio en un mar
de particulas a (*He), p*,n°;
gue se unen hasta formar
6N,

Luego por neutronizacion,
se obtiene °°Fe.

6Fe

La quema de siliciodura~ 1
dia!

Introduccién a CTE 11 (2011), Depto. de
Astronomia, IFFC, UDELAR
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La “cascara de cebolla”

He Burning Core Radius: ~1 Ro 4

Shell

C Burning
Shell

Si Burning
Shell Envelope Radius: ~ 5 AU

Estrellas de mas de 8 M, alcanzan a formar Fe en su carozo central

Introduccién a CTE 11 (2011), Depto. de
Astronomia, IFFC, UDELAR
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El colapso final

Por estar el *®Fe en el méximo de la curva de energia de ligadura por nucledn, la
fusién no avanza mas alla de ese limite. Al desaparecer la presién de radiacion por
falta de mecanismo de generacion de energia, la estrella colapsa.

Si T > 10%K se produce la fotodesintegracion de los nucleos en p*,n®y e".

Para una estrella 20 Mg:

— 10 millones de afios quemando H

- 1 millén de afios quemando He

- 1000 afios quemando C

- 1 afio quemando O

- unos dias quemando Si

- < 1 seg colapsa el nucleo reconvirtiendo todo nuevamente a p*,n®y e

La neutronizacion: p*+e — n%+neutrino |

produce la liberacion de un intenso flujo de neutrinos y la formacion de una
estrella de neutrones. Se alcanzan densidades de 107 — 108 kg m*3 (una caja de
fosforos pesaria 15 mil millones de toneladas).

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR

ABUNDANGE IN SOLAR ATMOSPHERE

La falta de Litio

* Elbombardeo de
W 7 protonesa T~ 25-5x
" ” 10K, produce la
destruccion de Li, Be y B.

* Esas temperaturas se
alcanzan a mitad de

Lo distancia al centro del Sol.

Por mezclado convectivo,

el Li sobreviviente en el

interior alcanza la

S N | fotdsfera, desde donde es

medido.

ABUNDANCE IN ALLENDE METEORITE

Introduccién a CTE Il (2011), Depto. de
Astronomia, IFFC, UDELAR
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¢Como cruzar la barrera del Hierro?

Logy N

Aemage biading wse gy ber n Sion (WY1

0 10 20 a0 40 50 &0 T &0 90 100

r 5 e 1s0  1d » Atomic Nurmber
W a0 6r #p o0 id0 L8 B0 180 00 220 240

Miswbes of Putieaws o o 4

Introduccién a CTE Il (2011), Depto. de 61
Astronomia, IFFC, UDELAR

La captura de neutronesy la
produccion de elementos pesados

Los neutrones libres son inestables con una vida media de 890
s (mitad de vida 617 s). Los nucleos formados por captura de
neutrones son inestables respecto a decaimientos [3. Por ej.:

®Fe+n’ — Fe — PCo+e +v |

¢ La captura de neutrones se divide en dos clases

— El proceso s : Captura de neutrones lenta (slow), donde el nucleo
producido decae a un nucleo estable antes que ocurran nuevas
capturas. Produce nucleos con pocos neutrones.

— El proceso r: Captura de neutrones rapida (rapid), donde el flujo de

neutrones es tan intenso que el nucleo captura muchos neutrones
antes de decaer. Produce ntcleos con exceso de neutrones.

Introduccién a CTE Il (2011), Depto. de 62
Astronomia, IFFC, UDELAR
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Los numeros magicos

Elementos con nimero de

neutrones (N) o protones (Z)

iguales a 28, 50, 82 0 126 son mas

estables que el resto y presentan Iron-56 is the most abundant

and most stable isotope. It

abundancias mayores. o TR e e

Estos nimeros son un efecto de 103 mage numeer
la mecanica cuantica de cdscaras
completas, en forma analoga a la
estabilidad quimica que se logra
cuando se completa una cascara
de electrones en los gases nobles.

Cuando alcanzamos un nimero
magico por captura de neutrones

Note the oscillations of abundance

depending upon whether Z and N

are odd or even.

\ Abundances peak for
ZorNequaltoa

N=50

magic number. Doubly
Magic
z-m 208

n-126 Pb
i

Relative Abundance

(proceso s), se hace poco 50 T 200
probable capturar nuevos
neutrones.

Introduccién a CTE 11 (2011), Depto. de 63

Astronomia, IFFC, UDELAR

éDonde se produce el proceso s?

e Enla cdscara de quema de He en una estrella del AGB

(Asymptotic Giant Branch).

e Pulsos sucesivos de quema de He. La superposiciéon de

capas convectivas lleva los nucleos masivos producidos
por proceso s hacia las capas exteriores. Estos son
finalmente inyectados en el medio interestelar a través
del viento estelar o en la eyeccidn de la atmdsfera
estelar durante la formacién de una nebulosa
planetaria.

* También se puede producir en estrellas de quema de C.

Introduccién a CTE 11 (2011), Depto. de 64
Astronomia, IFFC, UDELAR 7
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éDonde se produce el proceso r?

* Enelviento de una estrella
neutrdnica naciente. El colapso
del carozo en una SN Tipo ll o Ib
deja un estrella neutrdnica
caliente (T> 10'1K). La que se
enfria por emisién de neutrinos
en una escala de tiempo de 10s.
Se produce un viento que
transporta hasta 10* M 4,
suficiente para explicar la
formacion de los nucleos tipo r.

Introduccién a CTE Il (2011), Depto. de 65
Astronomia, IFFC, UDELAR.

Faltan explicar 35 nucleos..

e Existen 35 nucleos cuya formacién no es explicable por los
procesos sy r (%2Y2*Mo, %6Y28Ru, 144Sm,...)

Solucion: El proceso p

Tipos de procesos p

— Captura de protones (de ahi el nombre), aunque no es el
principal.

— Nucleos ry s preexistentes expuestos a altas temperaturas
sufren reacciones tipo (y,n%), que los vuelven ricos en p*.
Luego comienzan una cascada de reacciones (y,p+) y (y,a),
que los “funden” hacia el Fe. Si la temperatura baja
suficientemente rapido, la caida hacia Fe es incompleta, y
deja una abundancia de nucleos ricos en p* (los nucleos

tipo p).

Introduccién a CTE Il (2011), Depto. de 6
Astronomia, IFFC, UDELAR.
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éiDonde se produce el proceso “p”?

* En el caso de captura de p*, en el momento del
pasaje del frente de choque de una SN por su
envolvente rica en H. Poco eficiente

* Para la caso de la “fundicion”, se da en el colapso
del carozo de una SN Tipo I, en la cascara de
O/Ne. El frente de choque de la SN calienta la
cascara y “funde” parcialmente los nucleos. La
desintegracion solo es relevante, por lo que se ha
sugerido pasar a llamar a este proceso Y.
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