Cap. 15
Evolucao de estrelas massivas

(até Stellar Remnants of a Core-Collapse Supernova)
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Existem outras estrelas massivas com variacoes,
porem menores que em Eta Carinae e P-Cygni
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Luminous blue variables (LBVs)
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Figure 12. Schematic upper HR Diagram with the locations of the confirmed LBVs (blue dots), the warm hypergiants (Paper I) and candidate post-red supergiants
(green dots), and other stars discussed in Section 4 (blue x’s). The outline of the LBV/S Dor instability strip (pink) and the empirical upper luminosity boundary
(gold) (Humphreys & Davidson 1994) are also shown. The LBV /S Dor transits to the cool dense wind state are shown as solid blue lines and those for V532 /GR290
(Romano’s star) and M31-004425.18 are dashed blue lines. The positions of 7 Car and the well-studied Galactic and LMC LBVs, AG Car, S Dor, and R 127 are shown
for comparison. The apparent temperatures of Var 2, Var 15 and Var A-1 are estimates and their positions on the HRD are uncertain. Note that the solid blue transit
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Quando apresentam grandes variacoes, as LBVs sao
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Lobes are
expanding at
about 650 km/s

Homunculus is
depleted in C and
O, while is
* enriched in He
and N (processing =
by CNO cycle) %

. During great
8 eruption:

" mass loss =
10t Mg, /yr.
L= 2x107L,,

https://www.nasa.gov/mission_pages/hubble/science/eta-carinae.html

FIGURE 15.1 7n Carinae is a luminous blue variable that is estimated to have a mass of 120 M

and 1s rapidly losing mass. Each lobe has a diameter of approximately 0.1 pc. [Courtesy of Jon Morse
(University of Colorado) and NASA.}
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Estrelas Wolf-Rayet T.™25000-100000 K
L~ 105 106 L.,

Mass loss
> 10> M, /yr.

Winds
800 — 3000 km/s

Rotation 300 km/s

Masses >20 M,

Nao apresentam
grandes variacoes

o s como as LBVs

FIGURE 15.2 The nebula M1 67 amund the Wolf Rayet star WR 124. The surface temperature
of the star is about 50,000 K. Clumpiness is clearly evident in the nebula, and the mass of each blob
is about 30 Mg. WR 124 is at a distance of 4600 pc in Sagittarius. [Courtesy of Yves Grosdidier




Wolf Rayet: WN, WC, WO
e “Wolt -Raqe’r Stars

The spectval types of the two Wolf - Rayet
stavs  weve de‘zevmmed by Sanford and

Wolf Rayet Stars\/\/l\son (ApJ 90,237,1939).
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Outros tipos de estrelas na parte
superior do diagrama HR

* BSG: blue supergiants
* RSG: red supergiants

e Of: O supergiants with pronounced emission
lines
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Evolucao (tentativa) de estrelas massivas
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FIGURE 15.3 The evolution of massive stars with Z = 0.02. The solid lines are evolutionary tracks
computed with initial rotation velocities of 300 km s~', and the dotted lines are evolutionary tracks
for stars without rotation. Mass loss has been included in the models and significantly impacts the
evolution of these stars. (Figure from Meynet and Maeder, Astron. Astrophys., 404, 975, 2003.)
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Importancia das estrelas massivas

NGC 602, HST

l - S3o poucas: 1 de 100 Mg, por
B cada 1 milhaode 1 M_,

M - Os ventos podem afetar as
¥ nuvens moleculares, cessando a
. W formacgado estelar

~ ™ - Os ventos sdo ricos em metais
8 processados no interior—>
8 enriguecimento quimico do ISM

% L - Podem explodir como
supernovas desestablllzando nuvens moleculares

- enriquecimento quimico e formacao de estrelas



Classificacao de supernovas X-rays, Chandra @NASA
Supernova 1006

vV~ -7,5 (a mais brilhante ja observada)
d=2,2 kpc

Coordenadas:
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Supernova 1054 The Crab Nebula is the remnant of
~_6,d ~ 2 kpc SN 1054, reported by Chinese,

Japanese & Arab astronomers
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Supernova 1572
~-4,d "~ 2,7 kpc
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Supernova 1604,
V -2 4 d 6 kpc

Remnant of Kepler's supernova,
the famous explosion that was
discovered by Johannes Kepler in
1604. The red, green and blue
colors show low, intermediate and
high energy X-rays observed with

e A, 4 Pl e | — NASA's Chandra X-ray Observatory,
Kepler's original drawing depicting and the star field is from the
the location of the stella nova (N) Digitized Sky Survey.




Su pernova 1987A SN 1987A was discovered by lan Shelton
~ ~ " & Oscar Duhalde at the Las Campanas
V~29;,d~51,4k

pc Observatory in Chile on Feb 24, 1987

The
progenitor
star was
identified as
Sanduleak
-69° 202, a
blue
supergiant

Supernova 1987A after exploding & an imge beore the explosion. (c) David Malin / AAO




The M{/stekious Rings of Supernova 1987A, © HST



Tipos de Supernova

* Tipo I:

sem linhas de;
hidrogénio ‘é
no espectro p
* Tipo Il: Eo
com linhas ;{lg

de hidrogénio
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Tipos de supernova. Tipo I: sem linhas de H, Tipo II: com H

L v 1 L T 1

Si ll Spectra of SNe near
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SN tipo la: qualquer tipo de galaxias
SN tipo Ib, Ic: s6 em regides de formacao de
estrelas em galaxias espirais = provavelmente
relacionadas a estrelas de alta massa

. gL
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Barred Spiral Irregullar

Peculiar - Elliﬁtil Lenticular
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FIGURE 15.7 Composite light curve for Type I supernovae at blue wavelengths. All magnitudes
are relative to m g at maximum. (Figure adapted from Doggett and Branch, Astron. J., 90, 2303, 1985.)
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The Crab supernova (SN 1054) and SN 1987A were Type II's.




Supernova Classification Scheme
(spectra at maximum light) “Core-collapse”:

Colapso do nucleo
de estrelas
massivas

Type Ia
(Secao 18.5)
Ana branca

e companheira

FIGURE 15.9 The classification of supernovae based on their spectra at maximum light and the
existence or absence of a plateau in the Type II light curve.



Supernova Classification Scheme

(spectra at maximum light) ~ Core-Collapse.
As Tipo Il sao

mais comuns do
qgue as b ou lc.

Type II-L
|
Tipo Il provavelinente

Type Ia de supergigantes
(Segdo 18.5) vermelhas, ja Ib
~ [
Ana branca ou Ic podam ser

e companheira Type Ib Typelc  de WNie WN

FIGURE 15.9 The classification of supernovae based on their spectra at maximum light and the
existence or absence of a plateau in the Type II light curve.



15.3 Supernovas de colapso do nucleo

Estrelas < 8 M:
H =2 He, He 2 C e O 2 Nebulosa Planetaria

Estrelas > 8 M:
Supernova: tipo Il, Ib, Ic

SN tipo Il libera 10 J de energia:
- 1% energia cinética do material ejetado
- 0,01% fotons

- resto: neutrinos
Neutrino Theory of Stellar Collapse

G. Gamow and M. Schoenberg

Phys. Rev. 59, 539 — Published 1 April 1941

Mario Schenberg (Schonberg)



ApoOs queima de He T~ 108K
- QueimadeCeO 2c 1 %He - 'S0+ y
'°0 4+ JHe — [oNe + y
T~ 6x10%K T~ 10°K

$O+27He whe Mg +2 {He ***

{oNe + ;He 286 + 4He
2c+%2C—> { BNa+p* 0540 4 3P pt

%gMg + p X ?éS +n

Mg +y 1S +v

***. endotérmica



Silicon burning T~ 3x10°K
28a: |, 4 32
Si + jHe — 35S
861 | 4He — 325 4 ), 14 2 16
=P g8 s 2 4 dHe » BAr
S+ 3He = AT +y  %ar + 2He - ca
soCa + sHe — 27T
32 I+ gHe — 330r
: 48 4 52
><Cr + jHe = ggNl +y 24Cr + pHe = gFe
52 4 56, 1
~ : : F He — 5N
Reac¢des acima do pico do 267C + 2Ne ™ 281
ferro sao endotérmicas 20N+ sHe — 30Zn
— é necessdria energia

Também temos fotodesintegracao do Si = contracao



To surface

ara estrela 20 M_,
- queima de H: 107 anos
- queima de He: 10° anos
- queima de C: 300 anos
- gueima de O: 200 dias

- queima de Si: 2 dias
Hydrogen burning

H, He envelope

He rich

Silicon burning

Iron core
FIGURE 15.10 The onion-like interior of a massive star that has evolved through core silicon
burning. Inert regions of processed material are sandwiched between the nuclear burning shells. The

inert regions exist because the temperature and density are not sufficient to cause nuclear reactions to
occur with that composition. (This drawing is not to scale.)
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Temperaturas muito
altas no nucleo =2
fotodesintegracao.

>oFe + y — 133He + 4n

He+y — 2p* + 2n.

Para estrela de 10 M., = nucleo de ferro ~ 1,3 M,

Para estrela de 50 Mg, = nucleo de ferro ~ 2,5 Mg,



Condicoes extremas no nucleo inerte de ferro.
Para estrelade 15 M_;: T~ 8x10° K, p ~ 10%3 kg m™
Elétrons livres sao capturados pelos nucleos que
foram produzidos na fotodesintegracao. Por exemplo:

p++e“—->n+ve

Muita energia escapa da estrela em forma de neutrinos.
Para estrela de 20 M, na queima de Si Lfstons = 4x1031W.
Jd alv= 3x103%W

Nucleo da estrela fica sem suporte pois fotons sao
usados para fotodesintegracao. Também, pressao de
degenerescéncia de e- diminui devido a sua captura.



Em apenas 1 segundo, nucleo de aprox. o
raio da Terra colapsa para um raio ~ 50 km

Camadas de estrela massiva p/¢

Nucleo inerte de ferro
entra em ¢

© R.. Hall | v =70 000 km/s




Example 15.3.2. If a mass with the radius of Earth (Rg) collapses to a radius of only
50 km, a tremendous amount of gravitational potential energy would be released. Can this
energy release be responsible for the energy of a core-collapse supernova?

Assume for simplicity that we can use Newtonian physics to estimate the amount of

energy released during the collapse. From the virial theorem (see Eq. 10.23), the energy
released in the formation of a spherically symmetric star of constant density is

3 GM?
10 R

Equating the energy of a Type Il supernova, Ey; = 10%© J, to the gravitational energy released
during the collapse, and given that Ry = 50 km < Rg, the amount of mass required to
produce the supernova would be

10 ExR;
3

This value i1s characteristic of the core masses mentioned earlier.

~5x 10 kg ~ 2.5 M.




Nucleo inerte de ferro Parte mais interna:
entra em formagao de néutrons

&
© R.J. Ha v =70 000 km/s
a b c . :
Matéria é comprimida até Explosdo perde forca pela Energia dos neutrinos
~ 8x10'7 kg m=3 [Pauli]=> fotodesintegracao do evigora a explosao
rebote nucleo exte 0 K /

Aprox. 5% energia v

d c f




Shock revival Energia cinética total
) do material em
expansao ~ 1044
(~1% da energia
liberada por neutrinos).

Quando o material é
oticamente fino
(~100 AU)

Proto-neutron star > observamos a

explosdo no visivel (~¥10%2 J energia em fotons).

Luminosidade no pico ~ 10%° W (10° L)



Stellar Remnants of a Core-Collapse Supernova
Neutron star or black hole?

* Massa inicial < 25 M., = estrela de néutrons
(suportada pela pressao de degenerescéncia
de néutrons)

* Massa inicial > 25 M., = buraco negro

A massa final do nucleo para ser buraco negro é
de no minimo umas 3 M_,, (Cap. 17).



Energia liberada ~ 3x10% J (100 vezes mais energia do
que o Sol produzira na sequéncia principal), ou 10° L,
(quase o brilho de uma galaxia!)

SN 2013cu (iPTF13ast)

Galaxia antes da

4 Supernova
explosao SN

SDSS, prior to supernova explosion Palomar

Gal-Yam et al. 2014; Nature, May 22, 2014



