Evolucao de estrelas massivas
Desde The Light Curves and the Radioactive Decay of the Ejecta
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As supernovas mais comuns de colapso de
nucleo sao as tipo |I-P (Plateau)
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Na expansao do frente de choque da SN, diferentes
isotopos podem ser formados. Varios deles sao
radioativos. Além do Ni-56 (t,, = 6,1 dias), temos o
decaimento de outros isotopos como Co-57 (t,, = 271
dias), Na-22 (t,, = 2,6 anos), Ti-44 (t,, =47 anos)
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FIGURE 15.11 The radioactive decay of 33Ni, with a half-life of 7, = 6.1 days. There is a 50%
chance that any given 33Ni atom will decay during a time interval of 6.1 days. If the original sample
is entirely composed of 33Ni, after n successive half-lives the fraction of Ni atoms remaining is 27".



A luminosidade deve ser proporcional a dN/dt

A taxa de variacdo da dlogy L . _0.434)
luminosidade (curva de luz): A1 w— I
Relagao acima pode ser obtida usando: . _
AN u = flz) is a function of z,
Tr y=log, u
d log,o L dy w
dtlo = —logpe - A = —0.434) e (logbe)z
deol Medindo a inclinacao da curva

= 1.086A de luz podemos determinar A
[ - determinar a origem
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Radioactive decays contributing to supernova light curves. (From http://
cococubed.asu.edu, Frank Timmes’s pages at Arizona State University).
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FIGURE 15.12 The bolometric light curve of SN 1987A through the first 1444 days after the
explosion. The dashed lines show the contributions expected from the radioactive isotopes produced
by the shock wave. The initial masses are estimated to be 33Ni (and later 35Co), 0.075 Mg; 3;Co,
0.009 M, (five times the solar abundance); 5;Ti, 1 x 107 Mo, and 77Na, 2 x 107® M. (Figure
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Supernova 1987A,
V~2,9;,d~51,4 kpc

g % The progenitor
R star was
@ SRR identified as
k! Sanduleak -69°
Sl 202, a blue

¥ supergiant, B3l
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Supernova 1987A after exploding & an imge beore the explosion. (c) David Malin / AAO




Estrela progenitora da Supernova 1987A
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Remanescente de supernova
Supernova 104 ~Still expanding at rate of 1450 km/s

% f/ f/

- / / Much of the
f‘l radiation is
/ synchrotron

Copyright © 2008 Pearson Education, Inc.,

There are now many examples of supernova remnants (SNR), including the Crab Nebula,
located in the constellation of Taurus (recall Fig. 15.4). Today, nearly 1000 years since the
SN 1054 explosion, the Crab is still expanding at a rate of almost 1450 km s~ and it has
a luminosity of 8 x 10* L. Much of the radiation being emitted is in the form of highly

polarized synchrotron radiation (see Section 4.3), indicating the presence of relativistic
electrons that are spiraling around magnetic field lines.
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FIGURE 15.13 An HST WF/PC 2 image of a portion of the Cygnus Loop, 800 pc away.
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Inner ring: ejected by winds 20 000 years ago
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The Mysterious Rings of Supernova 1987A, © HST



Both rings (inner ring and 2 outer rings) may be due to previous mass loss

© Sky & Telescope

Outer ring
at edge of
swept-up gas
from earlier
mass loss.

Supernova

Inner ring —N
of swept-up red- Py

supergiant gas.

remnant

A dark, invisible
outer portion
surrounds the
brighter inner
region lit by
radioactive
decay.



Artist’s impression of SN 1987A. © ESO

http://www.eso.org/public/brazil/news/eso1032/




HST/NASA images (between 1994 and 2016) chronicle the
brightening and fading of a ring of gas around an exploded
star.

https://www.nasa.gov/feature/goddard/2017/the-dawn-of-a-new-era-for-supernova-1987a
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Evolution of the ring collision from 1994 to 2014 (days 2270-9975) from a
combination of HST B- and R-band images. Fransson et al. (2015)
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Kamiokande (large
water Cherenkov
detector) detected 11
events of neutrinos
from the 1987A

supernova.

http://www-sk.icrr.u-tokyo.ac.jp/sk/
physics/supernova-e.html

8 events were also detected in the USA.

Both neutrino detections occurred hours before the optical
detection = neutrinos must have travelled close to c.



The Search for a Compact Remnant of SN 1987A

Interestingly, as of 2006, neutrinos have been the only direct evidence of the formation of
a compact object at the center of SN 1987A. All attempts to detect a remnant in optical,
ultraviolet, or X-ray wavelengths have failed. In addition, efforts to find any evidence of a
surviving binary companion have also been unsuccessful. The upper limit on the luminosity
in the optical portion of the electromagnetic spectrum is currently less than 8 x 10%° W,
equivalent to the optical energy output of an F6 main-sequence star. Ultaviolet spectra
lead to an upper limit of Lyy < 1.7 x 107 W, and Chandra has set an upper limit on
the X-ray luminosity of Ly < 5.5 x 10%® W in the energy band between 2 and 10 keV.

2017: objeto compacto ainda nao encontrado

The Remnant of Supernova 1987A
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Abundanaas qwmlcas NO universo

Abundanaa dos H, He: muito

elementos 1 abundantes.
quimicos no Sol |

normalizada para | Li, Be, B:

log N, =12 - pouco

: (ou seja, N,, = 1012) | abundantes
4 Cu\Ge
Vv

. Sr

i B 56 Ga ,'\Zr B Ba N Dy I
B / Sn py Pb N

2 jBe {\rwf\/}; o/ / Yb /.f\ J

| . M I
= P‘"M i

Eu i i
| ; | i Tbr.n | . U

0 20 40 60 80 100

Atomic number
FIGURE 15.16 The relative abundances of elements in the Sun’s photosphere. All abundances are

normalized relative to 10'? hydrogen atoms. (Data from Grevesse and Sauval, Space Sci. Rev., 85,
161, 1998.)
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Nucleossintese primordial

Tempo apos o Big Bang (segundos) 3H e 7Be n3o
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https://universe-review.ca/F02-cosmicbg01.htm



Li e Be sao facilmente destruidos em

interiores estelares.
Li qgueima a 2,7x10° K e Be a 3,6x10° K

p +g Li —>Z Be De fato, a abundancia de Li no
Sol é 150 vezes menor do que

ZBe g _); [i+y €m tnejte.oritos, porem o Bg no
Sol é similar ao dos meteoritos.
—> processos de transporte no
envelope convectivo atingem a
regiao de queima de Li mas nao
atingem a regiao onde Be é
gueimado

p+i Li —>3 Be

ﬁBe — 25He + energia



Be & Li no Sol e em estrelas gémeas do Sol
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Abundanuas qunmlcas no Sol

XH Elementos como C N, O Ne Si, S ' s3ofabundantes
1 He pois sao produzidos por estrelas massivas e depois
ejetados em ventos ou explosdes SN tipo]ll (ou Ib/Ic).
[ 54 A maioria desses elementos sao prgduzidos por
' captura de particula o (*He)

_ 1 Os elementos do pico do ferfo (e.g., Cr,
Fe, Co, Ni) sao produzidgs por SN la

Zr Pd
/ Sn Ba Pt Pb

3 \’VWV ‘
Ll La [ u H

g
- Pr / e®[ u —

Eu Tb Tm

0 20 40 100

Atomic number



Companheira ,
Supernovas de tipo la

An3 branca enriquecem

. guimicamente a

Galaxia, em particular
Supernova tipo la

em elementos do pico
do Fe.

Acontecem quando
anas brancas (massa
_ inicial < 8M)
- acrescem massa de
companheiras e
superam certo limite
(~1,4 Mg,

https://phys.org/news/2014-08-ia-supernovae-stem-explosion-white.html



Para nucleos com alto Z fica mais dificil termos
fusao nuclear devido a maior barreira Coulombiana
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Nucleossintese por captura de néutrons:
processo-s e processo-r

Néutrons nao sao afetados pela barreira Coulombiana.
A A+1

O Néutron capturado pode decair =2 elemento quimico com Z =7+1

@ A+1 A+1 _
7zX—=> 7, X+e +v.+y

v Alto fluxo de néutrons: processo-r (rapid)

r’t E.g., supernova

/ S\ Baixo fluxo de néutrons: processo-s (slow)
Estrelas AGB



15.4 Gamma ray bursts (GRB)

Primeiros gamma ray bursts detectados nos anos 1960s

° o \ B The Vela spacecrafts
: . ST monitored the compliance
@Ee Of the Soviet Union to the
0 B 1963 Partial Test Ban Treaty,
Bl by looking for sudden bursts
/B of camma rays from nuclear
BN Weapons.

! Em 1967 era clara a
origem astronomica,
porem GRB divulgados

Satellite Vela that detected Gamma Ray Bursts do pUbl'CO apenas em
1973

https://en.wikibooks.org/wiki/General _Astronomy/Introduction_and_Brief History_of Gamma-Ray_Bursts



Gamma ray bursts

Aproximadamente 1 por dia aleatoriamente no
céu

Energia de keV a GeV

Duracdo de 102 a 103 segundos

Tempo de subida de 10 segundos, seguido de
gueda exponencial.

Geralmente podem ter varios picos



Curvas de luz de 2 Gamma ray bursts observados pelo
BATSE/Compton Gamma-Ray Observatory [CGRO]
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FIGURE 15.17 Light curves of two gamma-ray bursts, GRB 980922 and GRB 000526, in the
energy range between 50 keV and 100 keV. The data were obtained by BATSE onboard the Compton
Gamma-Ray Observatory. The dates of the two events are recorded in their designations; GRB 980922
occurred on September 22, 1998, and GRB 000526 occurred on May 26, 2000. GRB 0000526 was
the last gamma-ray burst recorded by BATSE before the Compton Gamma-Ray Observatory was
deorbited. (Courtesy of the BATSE Team — NASA..)



Distancias desconhecidas. Proposta inicial: estrelas de
néutrons no disco espesso da nossa galaxia.

Problema: distribuicao é isotropica
2704 BATSE Gamma-Ray Bursts

T
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FIGURE 15.18 The isotropic angular distribution of 2704 gamma-ray bursts seen by the BATSE
detector onboard the CGRO. (Courtesy of the BATSE Team — NASA.)
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BeppoSAX (satélite Itdlia/Holanda) observou no 28 fev 1997 o GRB
970228, localizando a fonte dentro de 3 arcmin. Depois telescopios
de raios-X de maior resolucao localizaram melhor a fonte.

Host galaxy

Gamma Ray Burst GRB 970228 Appears To
Originate Outside Our Galaxy.

https://en.wikipedia.org/wiki/GRB_970228

Observacoes posteriores no
optico descobriram que a
fonte esta localizada em
uma galaxia = origem
extragalactica dos GRBs



Gamma-Ray Bursts (GRBs): The Long and Short of It [BDTeYES ﬁpos de GRBs.

Long gamma-ray burst Short gamma-ray burst
(>2 seconds’duration) (<2 seconds’duration)

g, Ared-gion Long-soft (> 2 segundos)

v star collapses
&l Menor energia.
' iy oo
b Colapso de supernova.
«~DeCcoming so .
A S:\S;:-:S !I’l":,; S:'.’ {

W ||| Short-hard (< 2 segundos)
. A/ Maior energia.

( l\ | ZAANS Colisao de 2 estrelas de
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Conexao direta entre Long-Soft GRB e supernovas de
colapso do nucleo foi bem estabelecida com o evento
GRB 980425

Discovery of SN 1998bw associated with GRB 980425.



15.5 Raios cosmicos
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Abundance relative to Carbon = 100

15.5 Raios cosmicos. Composicao
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Nuclear abundance: cosmic rays compared to solar system

Li, Be, B podem
ser produzidos
no ISM devido a
colisdes com
raios cosmicos
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FIGURE 15.22 The flux of cosmic rays as a function of energy. (Ref: J. Cronin, T. K. Gaisser, and
S. P. Swordy, Sci. Amer., 276, 44, 1997.)



