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Explosao de supernova

Camadas externas ejetadas
violentamente

« SN tipo Il, Ib, Ic: colapso
de core de estrelas muito
massivas = estrela de
neutrons ou buraco negro
(M >25M¢ )

« SN tipo la: sistemas binarios
- ana branca recebe matéria
da companheira = se

deSintegra apéS eXpIOSé‘O Crab Nebula « M1
(modelos ainda em diSCUSSéO) Hubble Space Telescope « WFPC2

NASA, ESA, and J. Hester (Arizona State University) STScl-PRC05-37
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15.2 Classificacao de supernovas
HISTORICO

X-rays, Chandra @NASA

Supernova 1006

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

Coordenadas:

A.R.=1502 22.1 Dec =-42 05 49
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Supernova 1054
V~-6,d~2kpc
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Crab nebula

© HST The guest star reported by Chmese astronomers in

1054 is identified as SN 1054. The highlighted
passages refer to the supernova.



Supernova 1572
~-4,d"~ 2,7 kpc
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Tycho's notes on SN 1572

Tycho's Supernova Remnant.
Chandra's image of the supernova
remnant shows an expanding bubble
of multimillion degree debris (green
and red) inside a more rapidly
moving shell of extremely high
energy electrons (filamentary blue).



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
A e A R —+  NASA's Chandra X-ray Observatory,
Kepler S orlgmal drawmg deplctmg and the star field is from the
the location of the stella nova (N) Digitized Sky Survey.




Supernova 1987A,
V~2,9:d~51,4kp

| The progenitor
B star was
o identified as
WS Sanduleak -69°
el 202, a blue

B supergiant, B3I
i (V=12)

B - 16 000 K
B | - 1,1x10° L,

Supernova 1987A after exploding & animage before the explosion. (c) David Malin / AAO



Fluxo medido na Terra
1,3 x 1014 neutrinos/m?2

" Fenermy vy ; Kamiokande (large
<[ water Cherenkov

: detector) detected 11
2 |- - events of neutrinos

: from the 1987A

[ S sISOVE e e
e g o | SMpEEnOva.
u"

o e . ::1_ ,S_L,w,;" 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 =2 neutrinos must have travelled close to c.



Tipos de Supernovas

« Eventos muito raros: 1 a cada 100 anos.
 Classificacdo com base nas curvas de luz e nos espectros
—> depende da estrela progenitora e dos mecanismos.

* Tipo Il: espectro com fortes linhasde H 7
« Tipo I: espectro sem linhas de H -
Ib: presenca de fortes linhas do He' | | .00

Ic: auséncia de fortes linhas do He}

la: forte linha do Si Il em 615nm
°0

Colapso de core
de estrela
massiva

Sistema
binario
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Spectra of SNe near
maximum light (~1 week)

SN 1994D (la)

SN 1992H (1)

SN 1994] (Ic)
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Rest wavelength (nm) Com He

FIGURE 15.6 Representative spectra of the four types of supernovae; Type Ia, Ib, Ic, and II. Note
that although SN 19941 (Type Ic) does exhibit a weak Si Il absorption line, it is much less prominent
than the 51 lines in a Type Ia. Brightness is in arbitrary flux units. (Courtesy of Thomas Matheson,
Mational Optical Astronomy Observatory.)
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SN Tipo | (Tycho (SN1572); Kepler (SN1604))
Curva de luz: O maximo de brilho para Tipo la é Mg =-18,4 mag.

Nos tipos Ib e Ic = pico no brilho € 1,5 a 2 mag mais fraco.
Decaimento de ~0,065 mag/dia em 20 dias. Depois de 50 dias a diminuicédo de
brilho € menor e se torna ~constante.

S —
0k
Type 1 Supernovae
L blue light curve
g
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& L P - | 1 I |
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Diays after maximum light

FIGURE 15.7 Composite light curve for Type [ 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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SN Tipo Il (Crab (SN1054) e SN1987A)

 Espectro mostra linhas de H e metais mais pesados;
 Perfil PCygni (Cap. 12.3) comum em varias linhas - rapida

eXpansaO Expanding

shell

T 7 1 LA LA L B
— Emission from edges 7]
of shell perpendicular

to line of sight (C) N

__— Emission from receding
rear portion of shell (D)

Emission from —
— approaching front
portion of shell (B)

Intensity

Continuum

Absorption due to
I~ approaching near \
- side of shell (A)

I ] [ L I i I | l 1 I 1 1 1 'l J L I
Blueshift Ao Redshift

A—

FIGURE 12.17 (a) A spectral line exhibiting a P Cygni profile is characterized by a broad emission
peak with a superimposed blueshifted absorption trough. (b) A P Cygni profile is produced by an
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Curva de luz:

Rapido crescimento no brilho, chegando a um maximo com

cerca de 1,5 mag menor gue no caso do Tipo la.

Decaimento do brilho ocorre em 6 a 8 mag em 1 ano.
Tipo I1-P (plateau): depois do maximo ocorre um plateau
temporario (30 a 80 dias). Ocorrem com frequéncia 10 vezes

maior que as de Tipo II-L.

Tipo Il — L (linear): sem evidéncia de plateau.

mpg below maximum light
L
T

-

| Plateau

—r—

Type lI-P supernovae
blue light curve

-

1 1 i i i i L 'y 1
-50 0 50 100 150 200 250 300 350 400

AGA0293 "15b. Supernovas"

Days after maximum light

Profa. Jane Gregorio-Hetem (IAG/USP)
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Type II-L supernovae
1+ blue light curve e

my below maximum light

o

0 50 100 150 200 250 300 350 400

Days after maximum light

FIGURE 15.8 The characteristic shapes of Type [I-Pand Type II-L light curves. These are composite
light curves, based on the observations of many supernovae. (Figures adapted from Doggett and
Branch, Astron. J., 90, 2303, 1985.)
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Resumo dos 3 tipos de Supernovas

Supernova Classification Scheme
(spectra at maximum light)

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 Il light curve.

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP) 15



relationship exists between the peak brightness and the rate of decline in the light curve
(the brightest Type Ia’s decline the slowest), making it possible to accurately determine the
maximum luminosity of an individual Type Iaby measuring the rate of decline.| Knowing
the luminosity (or absolute magnitude), we can compute the distance to the supernova.

astronomers can probe the structure of the universe to great distances. In fact, Type Ia
supernovae played a crucial role in demonstrating that the expansion of the universe is
actually accelerating today,| 13.7 billion years after the Big Bang, and that nearly three-
fourths of the universe consists of dark energy.

B —

T T T T T T T T T T T

SINRE!

Luminosity

é:_j = correct_;ion (“Standardizable
S‘) L (magnitudes) Candlesu)
E —16 —0.507]
E ~0.25 -
2 00 1 Sao cruciais nas
L +0.25 A .
bl 40.50— medidas de
i . distancia mais
+1.25 | remotas
T3 O S U S U TV S SR R +1.50 "
0 0 20 40 60 80 100 120

FIGURE 18.21 The rate of decline in the light curve of a Type Ia supernova is inversely correlated
with the maximum brightness of the light curve. (Figure adapted from Riess, Press, and Kirshner, Ap.
J.,438,L17, 1995.)
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15.3 Colapso de core de estrelas massivas

« Estrelas com M <8 Mg = Nebulosa Planetaria
» Estrelascom M >8 Mg = SN Tipo I, Ib, Ic

Tipo Il: Liberacdo de 104 J de energia:
1%: energia cinética do material ejetado

0,01%: liberacdo de fotons
~99%: neutrinos

Example 15.3.1. To illustrate how much energy is involved in a Type II event, consider
the equivalent amount of rest mass, and how much iron could ultimately be produced by
releasing that much nuclear binding energy.

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP) 17



Exemplo 15.3.1

From E = mc?, the energy released by a Type II supernova corresponds to a rest mass
of

m=E/c?=10"J/c* =1 x 10* kg = 0.06 M.

The binding energy of an iron-56 nucleus [%EFE:], the most stable of all nuclei, is
492.26 MeV, and the mass of the nucleus is 55934939 u (recall Fig. 10.9). In order to
release 10% J of energy through the formation of iron nuclei from protons and neutrons, it
would be necessary to form

1 % 104 ] 1 MeV
— - I G I ..,
N (492.26 Mewnucteus) (Lﬁ < 10-12 J) 3 % 10 nuclel

corresponding to a mass of iron of

m = N(55.93 u)(1.66 x 107* kg/u) = 1.2 x 10* kg = 5.9 M.

Of course this would require that 5.9 M, of iron be produced all at once in an explosive
event 1if this i1s the source of the energy for a Type II supernova! On the other hand, if this
much iron were broken down to the original protons and neutrons, the equivalent amount
of energy would need to be absorbed.

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP)
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Mecanismos do colapso de core

* Queima de He adiciona continuamente C-O no core.

« O core esta em continua contracdo - eventualmente inicia-se
a queima de C, gerando varios subprodutos (;0¢, ,,Ne?,...,
1.Mg*)

« Sequéncia de reacdes nucleares - cada uma em camadas da
estrela, em equilibrio.

* Nas temperaturas ~3 x10° K = gueima de Si em ndcleos

proximos ao Fe i
13Si+3He = iS+ ¥

1S+ 3He = JAr +y

32Cr + 3He = 35Ni + y.

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP) 19



Esquema da estrutura interna de uma estrela massiva que evoluiu
até formar um core com queima de Si

To surface

H. He envelope

Para 20 Mg
H: 107 anos

Hydrogen burning
He: 106 anos Helium burning

C: 300 anos
O: 200 dias Si rich Y Oxygen burning

Si: 2 dias
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 o
occur with that composition. (This drawing is not to scale.)

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP) 20



f
@
' ~ He
Neutrons_ '
e

Temperaturas muito
altas no nucleo =2

%

P ‘» fotodesintegracao.
&
-

ggFe—{- y — 133H€+4n

Energetic
photon

®.
o. g% Hety—2p'+2n
¥

Y

Para estrela de 10 M, = nucleo de ferro ~ 1,3 M,
Para estrela de 50 M, = nucleo de ferro ~ 2,5 M,
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Condigdes extremas no nucleo inerte de ferro.
Para estrela de 15 M

T~ 8x107 K

P ~103 kg m

Elétrons livres sao capturados pelos nucleos que foram
produzidos na fotodesintegracao. Por exemplo:

pt+e = n+v,

Muita energia escapa da estrela em forma de neutrinos.

Para estrela de 20 M_: Lrstons = 4x1031 W, Lv = 3x10%*W

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

22



Nucleo inerte de ferro

v =70 000 km/s

Parte mais interna:
formacdo de néutrons

a b . .
Matéria é comprimida até Explosdo perde forca pela cEnel’gla dos neutrinos

~ 8x107 kg m3 [Pauli]>
rebote

fotodesmtegragao do
nucleo exte

revigora a explosao

Aprox. 5% energia v

f
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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 potential
energy of a spherically symmetric star of constant density is

3 GM*
10 R

Equating the energy of a Type Il supernova, E;y = 10% ], to the gravitational energy released
during the collapse, and given that R; = 50 km <« Ry, the amount of mass required to

produce the supernova would be

10 ExR
M~ ?%25}{ 100 kg ~ 2.5 M.

This value is characteristic of the core masses mentioned earlier.

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP)
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- Shock revival Energia cinética total
do material em
expansdo ~ 10% )
(¥1% da energia
liberada por neutrinos).

X, p WP Quando o material é
Shockly 7 L= _ oticamente fino
Wave B 1 N (~100 AU)
observamos a

Proto-neutron star |
explosao no visivel (~¥10%? ) energia em fétons).

Luminosidade no pico ~ 103 W (10° L)

25



SN tipo Il sdo as mais comuns: provavelmente
originadas de supergigantes vermelhas.

SN tipos Ib ou Ic: perderam grande parte de seus
envoltorios antes da explosdo = podem ter se
originado de \WN ou WC, respectivamente

Remanescente estelar de uma SN de colapso de
core:

M. aus < 25 Mg = pressao dos néutrons degenerados
suporta o colapso —> estrela de néutrons
M, ams > 25 Mg = buraco negro

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP)
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Restos de
supernovas
(SNR)

Em expansao por
longos peridos,
emitindo
radiacao
syncrotron: e-
espiralam ao
redor das linhas
de campo
magneético.

Cygnus Loop
HST - WFPC2

o -

ST Scl OPO PRC95-11 - February'1995

2/14/95 zgl



Cassiopeia A
HST « WFPC2 "
R. Fesen (Dartmouth)

J. Morse (U.CO) Cassiopelia A

0 SNR mais jovem
ja detetado.

. © v 7. ¢ sFdrmato quase
' ., esférico. Aborda
, R superior mostra a
. S adirecao da ejecao do
\ S ¥ o gas assemelhando-
Y se ao rompimento de
s uma bolha.

4 TR O tamanho (13 anos-
- ~ e T % a luz) indica que a
. . ‘ explosao da
- | -~ ;- sUpernova teria sido
- g% observada hé cerca
ElGbEs ' - © .k de 340 anos

Hentage . Bk




Nucleosintese e Abundancas quimicas

C, N, O, Ne, Si, S - produzidos em estrelas massivas e ejetados por
SN tipo Il ou Ib/lc

Elementos do pico do Fe (Cr, Fe, Co, Ni) - SN la

T T
12 ‘H -
) e |

10 H -

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.) 29



Companheira ,
| Supernovas de tipo la

And branca enriguecem

guimicamente a
~  Galaxia, em particular

em elementos do pico
do Fe.

Supernova tipo la

Acontecem quando

. anas brancas (massa
inicial < 8M._,)
acrescem massa de

| companheiras e
superam certo limite
(~1'4 lVISOI)

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



Nucleossintese por captura de néutrons:
pProcesso-s e processo-r

Néutrons nao sao afetados pela barreira Coulombiana.

X +n— A+éX+y

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

- Ahiy Aty - -
X —> 70 X+e Ve + ¥

v Alto fluxo de néutrons: processo-r (rapid)
Pnj‘l-m@ E'g'! Supernova
s @ lxi:':t Antineutring
&/ A Baixo fluxo de néutrons: processo-s (slow)

Estrelas AGB



15.4 Gamma ray bursts (GRB)

« Ocorrem em regides aleatorias no céu: ~1 por dia.

« Energia desde 1 keV até varios GeV

« Duracdo: 102 a 10% s, com tempo de subida de 10 s e queda
exponencial

« Usualmente tém varios picos.

« Exemplos: Burst and Transient Source Experiment (BATSE) no
Compton Gamma-Ray Observatory (CGRO)

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP) 32



Rate {counts s71)

BATSE Trigger 7111 BATSE Trigger 8121

TO00 rrrrrrr S S S ; e e
s Ch: (2: 2) [ Ch: (2:2)
6500 | Time Res: 0.256 5_;: 5500 _ Time Res: 0.512 s
6000 | i - i
T 3000
5500 f | 1 & |
: ] 2 4s00f
5000 F i 3 r
) : 4000
4500 _~|_.—rl—|_|J | ] 2 :
4000 | J 3500
3500 b e e i i i PP . m‘l'...|...|;..1...|...|,.‘
-10 0 10 20 30 —40) =20 0 20 40 60 80
Seconds since trigger (Y80922 : 84448 481) Seconds since trigger (000526 : 36093.689)

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.)

Monitoramento de Explosdes de Raios Gama do telescépio Fermi (Fermi GBM) e
participacado brasileira na noticia sobre colisdo de 2 estrelas de néutrons (ver no
Moodle: link para Revista Fapesp).
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ENINEREETER (G EDRIRIEEEE SIS Dois tipos de GRBs.

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

i Anigea Long-soft (> 2 segundos)
Menor energia.

‘“’,*_ I3 Co Stars® in e
|
Colapso de supernova.

Decoming so
dense that it
2xpels its outer

Short-hard (< 2 segundos)

Maior energia.
Colisao de 2 estrelas de
néutrons

The resulting torus
has at its center

a powerful

black hole.

i
s

Gamma rays
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Abundance relative to Carbon

15.5 Raios cosmicos. Composicao

Nuclear abundance: cosmic rays compared to solar system

10°
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1o

" N Fluxes of Cosmic Rays
10 J\ ,\:\z\.
EGN
10" s «——— (1 particle per m*-second) .
5 Energias:
10 0,
T 23 107 — 3x10%° eV
.> 1077 ¢® 0
3 %o,
72 I Tyl QO( CO Knee
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NE 1013 ¢\\@/ 7%
-J}t 7
o O“",.A@ Q/,
; 107'e 065"6 %Qx
= %
1071 %
)
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Ankle o eio
107 (1 particle per km®year) intergalactico
10-28 (Swordy —~U.Chicago) +O AGNS

109 101() 10“ |0l2 ]013 1014 1015 ]016 ]0I7 lols |0I9 ]020 |OZI

Energy (eV)
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.)




Proxima aula

» Cap.16 Objetos compactos (remanescentes
degenerados de estrelas)

AGA0293 "15b. Supernovas" Profa. Jane Gregorio-Hetem (IAG/USP)
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