Evolucao da
Complexidade
no Universo



Vida e complexidade
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A lel de Hubble
— O universo tem uma historial



Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

WMAP

about 400 million yrs.

Big Bang Expansion

13.7 billion years

FASAWHAP Sclarce Team



A historia do universo e tal que
surgem nivels cada vez maiores
de complexidade.

O aumento da complexidade
permite o0 aparecimento da vida



Historia da Complexidade no Universo

1043 s
1033 s

104 s

1 minuto
300.000 anos
~300 Manos
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~10 Ganos

CO~NOoO U~ WNRE

. Nasce 0 espaco (4 dimensoes estendidas)
. Nasce a materia (quarks e léptons)

. Nascem os protons (quarks confinados)

. Nascem os nucleos (*He 2H 3He ’Li)

Nascem os atomos (reunido elétrons-nucleos)

. Nascem os elementos pesados (C em diante)
. Nascem as heteromoleculas (OH, CO, H,O)
. Nasce a vida (©®: ao menos 3.85 Ganos atras)






Evolution of fundamental interactions with time
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Fermions Bosons

Source: AAAS



Scientists more certain that particle is Higgs boson
(CNN, March 14, 2013 -1919 GMT)

(4

(CNN) -- Just in tirﬁe for Albert Einstein's birthday Thursday, scientists delivered exciting

news about how the universe works.
Last summer, physicists announced that they had identified a particle with characteristics of
the elusive Higgs boson, the so-called "God particle.”" But, as often the case in science, they

needed to do more research to be more certain.
On Thursday, scientists announced that the particle, detected at the Large Hadron Collider,

the world's most powerful particle-smasher, looks even more like the Higgs boson.
The news came at the Moriond Conference in La Thuile, Italy, from ATLAS and Compact

Muon Solenoid experiments.



The Nobel Prize in Physics 2013

"for the theoretical discovery of a mechanism that contributes to
our understanding of the origin of mass of subatomic particles,
and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"

Francois Englert

Prize share: 1/2

Born: 6 November 1932,
Etterbeek, Belgium
Affiliation at the time of the
award: Université Libre de
Bruxelles, Brussels, Belgium

Peter W. Higgs

Prize share: 1/2

Born: 29 May 1929, Newcastle upon
Tyne, United Kingdom

Affiliation at the time of the
award: University of Edinburgh,
Edinburgh, United Kingdom



O Problema
dos Cachinhos Dourados

Ou, mais prosaicamente,
sintonia fina



O Universo como
um problema dos
“Cachinhos Dourados”™



Um Universo Biofilico

Um universo hospitaleiro a vida — o que podemos
chamar de um universo biofilico — tem que ser muito
especial de diversos modos.

Os pre-requisitos para qualquer vida — estrelas de vida
longa, uma tabela periodica de elementos com
guimica complexa etc. — sdo sensiveis as leis fisicas e
nao poderiam ter emergido de um Big Bang com uma
receita que fosse mesmo ligeiramente diferente.

Martin Rees
Our Cosmic Habitat



APENAS SEIS NUMEROS

N = 10%¢, a razdo da forca eletromagnética para a
forca gravitacional entre dois protons.

¢ = 0.007, medida da intensidade da energia de
ligacao entre 0s néutrons e protons dentro do
nucleo atomico.

Q = 0.3, quantidade de materia no Universo

A = 0.7, gquantidade de energia em vacuo no
Universo

Q = 1/100 000, medida da profundidade media das
flutuacOes de densidade do Universo

D = 3, numero de dimensdes do espaco



E se 0 espaco nao tivesse
trés dimensoes?
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R THEIFT - EDITIONS

Edwin A. Abbott
| FLATLAND

Ficcao matematica,
1884

Autor: padre anglicano

(Circulos, mulheres...)



Animais bidimensionais
—> sistema digestivo disjunto




Quinta Dimensao
—> Instabilidade de sistemas planetarios e atomos

|




A Origem do Espaco...
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E se nao houvesse
elementos quimicos?



Um Universo Biofilico

Um universo hospitaleiro a vida — o que podemos
chamar de um universo biofilico — tem que ser muito
especial de diversos modos.

Os pre-requisitos para qualquer vida — estrelas de vida
longa, uma tabela periodica de elementos com
guimica complexa etc. — sao sensiveis as leis fisicas e
nao poderiam ter emergido de um Big Bang com uma
receita que fosse mesmo ligeiramente diferente.

Martin Rees
Our Cosmic Habitat
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The Astronomer’s Periodic Table

(Ben McCall)

He

Courtesy Ben Mc Call



Lembrando o lugar da vida no universo
...S0MO0S minoria

Other
nonluminous
Dark matter components

(identity unknown intergalactic gas 3.6%
oL tity }I neutrnnos 0.1%
' suparmassiva BHs 0.04%

‘ Luminous matter

stars and luminous gas 0.4%:
radiation 0.005%

Dark anargy

(identity unknown)
T3%

Bennett et al., ApJ Suppl Series 2003

Q,=0.04 Q- '
Life building blocks come
from these components...



Qual a Origem dos
Elementos Quimicos
e de sua
Distribuicao de Abundancias?
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Abundancias dos elementos quimicos no Sistema Solar. Na abcissa
esta 0 numero atbmico e na ordenada, a abundéancia do nimero de
atomos em relacéo ao hidrogénio, medida numa escala logaritmica
log(N/Ny,)+12 (assim o H vale 12). Observe as lacunas devidas aos
elementos radioativos artificiais tecnécio (Z=43) e promecio (Z=61)



NUCLEOSSINTESE PRIMORDIAL
(Big Bang Nucleosynthesis)
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o3y paper

The Origin of Chemical Elements

K. A, ALmx*

Applied Physics Loww’. The Jobms !lr-ﬂuu L nioersiry,

Spring, M
AND

H. Bras
Corwell Unevevaity, Ithsco, New Yook

AND
G, Gamow

T'he George Warhinglon Usiversdly. Washington, 2. C.

Febeusry 13, 1043

PUYSICAL REVIEW

Letters to the Editor

UBLICATION of brief reports of important discoveries

in physics may be secured by addresying them lo this
department. The closing date for this depariment is five weeks
prior to the date of issue. No proof will be sent Lo the authors,

VOLUME 734, NUMBER 7 APRIL 1, 1945

We may remark at first that the building-up process was
apparently completed when the temperature of the neutron
gas was stll rather high, since otherwise the observed
abundances would have been stromgly affected by the
resonances in the region of the slow neutrons. According to
Hughes,? the neutron capture cross sections of various
elements (for neutron energies of about | Mev) increase

g ially with i number halfway up the periodic

The Board of Editors does mot hold stself responsible for the
opinions expressed by the correspondents. Communicolions
shonld not exceed 600 words in lemgth.

The Origin of Chemical Elements

R. A, ALpses®
Applied Physics Loboratory, T'he Jobus Hophing University,
e s, afoerait.

AxD
H. Brius
Corvell Univevsity, 1thsco, New Yook
AND
G, Gamow
The George Warhis Usiversity. Washi D.C.
Febeusry 13, 1043

S pointed out by one of us,! various nuclear species
must bave originated not as the result of an equilib-
rium corresponding to a certain temperature and deasity,
but rather as a q ¢ of & conu building-up
process arrested by a rapid expansion and cooling of the
primardial matter. According to this picture, we must
imagine the early stage of matter as a highly compressed
neutron gas (overheated neutral nuclear fluid) which
started decaying into protons and electrons when the gas
pressure fell down as the result of univeraal expansion. The
radiative capture of the still remaining neutrons by the
newly formed peotons must have led first to the formation
of deuterium nucles, and the subseq neutron cap
resulted in the building up of heavier and beavier nucled, It
must be remembered that, due to the comparatively short
time allowed for this process,' the building up of heavier
nuclei must have proceeded just above the upper fringe of
the stable elements (short-lived Fermi elements), and the
present frequency distribution of various atomic species
was attained only somewhat later as the result of adjust-
ment of their electric charges by S.decay.

Thus the chserved slope of the abundance curve must
not be related to the temperature of the original neutron
gas, but rather to the time period permitted by the expan-
s-on process, Also, lhe lndnrxdual abundances of various

ies must d d not so much on their intrinsc
subdlueu (rnass defecu) as on the values of their neutron
capture cross sections. The equations governing such &
building-up process apparently can be written in the form:

%-I{l)(n.m.n--mJ =122, (1)

where n; and &, are the relaty bers and cap CToss
sections for the nuclei of atomic weight #, and where f(1) is a
factor characterizing the decrease of the density with time.

system, remaining approximately constant for heavier
elements.

Using these cross sections, one finds by integrating
Eqs. (1) as shown in Fig. | that the relative abundances of
various nuclear species decreass rapidly for the lighter
elements and remain approximately constant for the ele-
ments heavier than silver, In order to fit the calculated
curve with the observed abundances! it is necessary (o
assume the integral of p,df during the building-up period is
equal to SX10* g sec, /fom?,

On the other band, according to the relativistic theory of
the expanding universe! the density dependence on time is
given by p=100/2, Since the integral of this expression
divergesatf=0,itis v io thart the building
up process began at a certain time fy, satisflying the
relation:

S vnoyese=sx oy, )

which gives us 13220 sec. and pe=2.5 X 10* g sec. /om®. This
result may have two meanings: (a) for the higher densities
existing prior to that time the perature of the

gas was so high that no aggregation was taking place, (b)
the density of the universe never exceeded the value
2.5 X 1P g sec. /em?® which can possibly be understood if we

ey

Frc, L.
Leg of relative abundance
Atomic weight

|03
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“Origem das Especies’
(1859)

THE ORIGIN OF SPECIES

BY MEANS OF NATURAL SELECTION

By CHARLES DARWIN, M.A

LONDON
JOHN MURREAY, ALBEMARLE STEEE




Além da Nucleossintese Primordial

* Nucleossintese primordial e insuficiente
* Produz apenas Helio, Deuterio e Litio

» Nao ultrapassa o numero de massa 8
(®Be € uma ressonancia com t,,, = 6.7x 1017 s)

e Do Carbono em diante, é necessaria a
nucleossintese estelar!

« O nascimento das estrelas é essencial para o
surgimento do C e da quimica necessaria a vida!!!



NUCLEOSSINTESE ESTELAR




B2FH paper

REVIEWS OF
MODERN PHYSICS

Vowuse 29, Nusmeer 4 Ocroser, 1957

Synthesis of the Elements in Stars®

E. Marcaker Burpince, . R, Burnince, Wittiam A, Fowrer, axnp F. HovLe

Kellogg Radialion Laboralory, California Institute of Technology, and
Mount Wilson and Palomar Observaiories, Carnegie Institution of Washingion,
California Institule of Technology, Pasadena, California

“Tt is the stars, The stars above us, govern our conditions";
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
{(Julinus Caesar, Act I, Scene 2)



Nucleossintese Estelar x Nucleossintese Primordial
Embate de duas Cosmologias
Estado Estacionario X Big Bang

w i
- TN\ P . |

Fred Hoyle (1915-2001) X  George Gamow (1904-1968)

e
~



7.933 MeV

Livio et al. 1989
7.716 MeV
carbon | | Enous
rebMeY 7508 MoV
Be8+ He4- 012
7.3367 MeV
(a) (b) (C)

Fig. 1 (a) energy levels of carbon showing the, and the excited state predicted
by Hoyle; (b) the allowed range of the excited state that would yield the same
amount of carbon, (c) the range of energy for an excited state that would

produce carbon adequate for life.



Também na nucleossintese
estelar, temos, N0 NOSSO
universo, uma sintonia fina
das constantes fisicas.

Poderiamos ter um universo
com pouguissimo Carbono.

ARTICLES

an excited state of *C

i Max-Planck-Institut fir Astrophysik, D-8046 Garching, FRG

e anthropic significance of the existence of

. Livio', D. Hollowell’, A. Weiss™ & J. W. Truran'

¢ Department of Physics, Technion, Israel Institute of Technology, 32000 Haifa, Israel
i Department of Astronomy, University of Hiinols, Urbana-Champaign, lllinois 61801, USA

Were it not for the presence of an excited state
*2C at 7.6 MeV, at the endpoint of the triple-alpha
eaction, it would be difficult for stars to manufac-
ure carbon and heavier elements. Calculations
using modified triple-alpha rates test the sensitiv-
ty of stellar nucleosynthesis to the exact position
of this excited state, and allow an empirical assess-
ment of its importance in the anthropic principle
in cosmology.

ERE has been much di ion of the ‘coincid * associ-
d with the nuclear resonance levels of carbon and oxygen,
ich are essential for biological evolution, in relation to the
#nthropic principle'. The signifi ¢ of such di i lies
the fact that they deal with physical quantities within the
tealm of experimentally verifiable physics (rather than, say, with
dhe yet uncertain physics of the early Universe), In particular,

onsiderable attention has been focused on the 07 excited
uclear state of '>C, at 7.644 MeV, which lies just above the
inergy of "Be plus an a-particle. In a truly remarkable prediction,
oyle concluded from the observed cosmic-abundance ratios
[ '“0:'*C:*He that such a resonant level should exist. This has
been confirmed subsequently by experiment®-*.

As is consistent with the anthropic principle’”, the energy of
the resonant level of '>C is required to have the value it does,
o ensure carbon production and the consequent development
f carbon-based life. In a broader context, the location of the
esonant level of carbon is the middle of three ‘coincid %
The first of these is the fact that the decay lifetime of *Be is
bout four orders of magnitude longer than the time required
{or two ce-particles to scatter past one another in a non-resonant
imanner. This ensures the build-up of a small concentration of
Be, which can come into equilibrium®, thus allowing its
wexistence with “He. The third ‘coincidence’ is the fact that the
mergy level of '°0 at 7.1187 MeV is non-resonant, being below
he combined energy of *C+a (at 7.1616 MeV). This ensures
that a significant fraction of the '*C created will not be destroyed
by a-particle capture,

In this exploratory work, we examine the question of how
ypothetical changes in the location of the carbon 0' nuclear
level might affect nucleosynthesis, carbon production, and its
mixing into the interstellar medium (ISM). We note that a
thange in the nuclear energy levels should really be a con-

quence of changes in strengths of the fundamental interactions
litrong, electromagnetic and so on). Such fundamental changes
ould affect not only the 0" level of '>C but also many other
auclear energy levels. Indeed, these changes might result in a
ompletely different structure and evolution of our Universe,
Ind hence the incorporation of all of these changes is both
eyond the capability of present-day theories of nuclear physics
and certainly beyond the scope of this paper, We therefore limit
surselves to considerations of the anthropic argument that are
telated to changes in carbon production resulting from changes
 the location of the 7.644-MeV level of "*C. Calculations have
been performed both for core triple-alpha burning and for shell

TURE - VOL 340 - 27 ALY 1989

helium burning in a thermally pulsing, asymptotic-giant-branch
(AGB) star.

Core He burning in massive stars

One possible site of carbon production in stellar interiors is the
core, and later the adjoining layers, of massive stars, Although
in later phases of the evolution of stellar cores most of the
products of helium burning will be processed to even heavier
nuclei, there always remains carbon- and oxygen-rich matter
that will be returned to the interstellar medium in the final
supernova explosion. At the present age of the Galaxy, super-
novae are probably not the main source of carbon production;
rather, carbon production is expected to occur in thermal pulses
in the shells of AGB stars. However, in the very early stages of
galactic history, they were the only source, because less massive
stars had not yet evolved far enough to return carbon to the
ISM. It scems most appropriate, in the context of the anthropic
principle, to investigate all possible sites of carbon production.

We have evolved a 20-M; star through the completion of
core helium burning, using a modified 07 level of '2C, to identify
the effects both on the amount of carbon produced and on the
evolution. We evolve essentially the same model star as was
considered by Truran and Weiss’ in the context of supernova
1987A, using the same input physics and evolution code as
described therein.

The only significant difference from the calculation of ref. 7
is the treatment of the triple-alpha process. In the code, the
formula for the encrgy generation rate by this process is®

£3.=p  YT5" exp (26.68 —42.94/ T;)
+p Y T3 exp (29.90-27433/ T;) (1)

where the first term arises from the 7.644-MeV resonance and
the second from the 9.64-MeV resonance. The latter state does
not contribute significantly for ordinary stellar burning condi-
tions, and is usually neglected. In equation (1), ¢ is the energy
generation rate in erg g 57", p the density in g cm ™3, Y the
mass fraction of helium, and 75 is the temperature in units of
10° K. The term —42.94/ T, in the arg of the first exp

tial function arises from —AE/kT, where k is the Boltzmann
constant, and AE is the energy difference between a carbon
nucleus in the 0 state and three a-particles (see, for example,
ref. 9), which amounts to 370 keV. The equivalent term in the
second exponential function is that for the 3~ state, where the
energy difference is 2,370 keV. It can be scen immediately that
if the lower resonance state did not exist, the temperature would
haveto be 6.5 times higher to make the higher resonance compar-
ably effective, However, at such a temperature, which would be
close to 10K (as compared to =10"K in standard helium-
burning cores), a greater variety of nuclear reactions involving
heavier nuclei can occur, and such a star would evolve very
differently from ordinary stars.

For the first example, we investigated the effect that would
result from the total non-exi of the 0* We
considered a star of typical population I composition: X =
0:739, Y =0-240 and Z = 0:021 where X is the mass fraction
of hydrogen and Z is the mass fraction of all elements except
hydrogen and helium. Thus, the initial carbon abundance by
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Pode-se falar, portanto em

evolucao quimica do universo
— uma das facetas da evolucao da compexidade

E 0 surgimento das estrelas e essencial
na evolucao quimica césmica



Principio Antropico (B. Carter, 1973)

Argumento filoséfico segundo o qual observacoes do
universo fisico devem ser compativels com uma
que o0 observe.

Alguns defensores do argumento sustentam que ele
explica porque o Universo tem a idade e as constantes
fundamentais necessarias para acomodar vida
consciente.

Em consequéncia, acreditam gue nao é extraordinario
o fato das constantes fundamentais do Universo
estarem dentro de uma faixa estreita exigida para
permitir a vida.



PRINCIPIOS ANTROPICOS “FRACO” E “FORTE”

FRACO:

Ha localizacOes privilegiadas do espaco-tempo no
Universo (ajuste fino na nossa época)
FORTE:

Os valores das constantes fundamentais da fisica tém um
ajuste fino

(Barrow & Tipler: “The Anthropic Cosmological
Principle”, Oxford University Press, 1988)



Nucleossintese estelar
— O Sol como Ilustracao



— 333.000 massas terre
— 99% massa do Sistem

R,=6,96 x 108 m
— 103 raios terrestres
Densidade média
Composicéo (em m
74% hidrogeénio, 2
1% outros elementos
Temperatura superficial
Temperatura central = 1,55 x

Sequéncia Principal (G2 V)



A Estrutura do Sol

Corona

e O Interior

— Regido central
(0.2 raio solar)

— Zona radiativa o
(0.2-0.7 raio solar) | Zone

— Zona convectiva
(0.7-1 raio solar)

A Superficie e a Atmosfera }“
— Fotosfera
— Cromosfera
— Corona



A fonte de energia do
Sol é fusao nuclear de
H em He no seu centro

siiie

Cadeia préton-proton (na
etapa atual da evolucao
solar)

— 4 atomos de hidrogénio se
fundem para formar um
nucleo de hélio

A fusao nuclear ocorre
somente as temperaturas
muito altas do centro do
Sol

Continuara a aquecer o
Sol por mais 5,5 bilhoes
de anos

Enquanto produz energia,
a fusdo nuclear tambéem
faz nucleossintese (He)
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Estrelas de Sequéncia Principal (SP)
(como o Sol, tipo G2 V; a classe de
luminosidade “V” indica que ¢ da SP)
representam o estagio mais longo e
mais estavel na evolucédo de uma
estrela, durante o qual a estrela esta
queimando hidrogénio em hélio em seu
nucleo. Durante o estagio de SP, a
estrela se encontra aproximadamente
em equilibrio hidrostatico com
condicoOes relativamente constantes. Em
contraste, os estagios finais da evolucao
estelar (por exemplo, o estagio de
gigante vermelha) estdo em rapida
evolucdo. (o Sol passara 90% de sua
vida na SP).



A EVOLUCAO ESTELAR DEPENDE DA MASSA
Massa intermediaria (0,8* a 8 M) vs. alta massa (> 8 M)

» Massa intermediaria
“morte”’: Nebulosa Planetaria
resto: ana branca

» Alta massa
“morte”: Supernova
resto: estrela de néutrons

buraco negro

» Nucleossintese quiescente
(equiibrio hidrostatico)

— durante a vida da estrela

» Nucleossintese explosiva

Supernova

Estrela de massa Intermediaria
(entre 0,8 a 8 massas solares) Estrela de alta massa

(acima de 8. massas solares)
Estrelana

sequéncia Principal Estrelana

. Protoestrela  sequéncia Principal

!\ e
. . — Supergigante Vermelha
’ Nebulosa —
Gigante Vermelha — .

—— Supernova
B, - ,
SR ‘

/ . > Estrela de
- a
Nebulosa Planetaria | Néutrons ¥ Buraco Negro

Ana Branca

*QO tempo de vida de estrelas com M<0,8M, é
maior do que a idade do Universo:
nao contribuem a evolucao quimica cosmica



NUCLEOSSINTESE ESTELAR
Fusaodo H em He

He 3
. Proton
Praton . Dautério
\ 8 Raio gama * Ralogama
+ e+ Y
Posnron Neutrlno /
Prc‘:ton. He-3
Déutério He_3

Dois prétons colidem

formando um déutério e
emitem um pésitron, um
raio gama e um neutrino

Um déutério colide
com um préton
formando um He-3 &
emitindo um raio

Cadeia proton-proton
M> 0,08 M,

1
He-4 @ iH
& @ rroton 0
™ |

v 6 |
1 13
Dois He-3 colidem l 3“ N
formando um He-4 o ‘F\ f \
mais dois prétons decaiments decaimentn
do prdton do pn:np:un
\,‘ ,/ i“-e.
ﬂjﬂ 5': v
Y 4 3
14
7N :H

Ciclo Carbono-Nitrogénio-Oxigénio (CNO)
Mais eficiente que p-p para M> 1,4 M,



Cadeia Proton-Proton
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The Proton-Proton Chain
Weak Nuclear Interaction 2 + p —S>d+e + v, tyean ~ 3 000 000 000 years

Electromagnetic p+ d —)-3H et+y t, ~ lsec

Mean

Strong Nuclear Interaction 3 fr, 4 37, 33775 4 PHD tuw~3000000years
Meam - o



Cadeia p-p (em detalhe)

IH+[H ——=fH+e +v,

H+1H —— 3He+ Y

.-"--\"‘-.

"

9% - 31%

."-..

-~ .
. -

P _—
3EHn.a + %HE — %He + E%H 3EHn.a + ELHE: — :{Eﬂ + v

(PP 1)
9.7% | 0.3%

" y

e 1

Be+e —=ILi+v, Be+H —IB+y

ILi+ {H - 24He 5;B——=Be+et +V,

(PP 11) iBe — 23He
(PP 111)



* O Sol esta em equilibrio hidrostatico — nem se
expande e nem se contrai

A forca gravitacional e balanceada pela pressao
Interna devida a geracao de energia por reacoes
nucleares

e ...coONtudo, o equilibrio ndo é estritamente exato =
ha uma lenta (sobre escalas de tempo de bilhoes de
anos) evolucao da estrutura do Sol



Evolucao do Sol

Life Cycle
of the Sun Now Red Giant . _Planetary Nebula

Gradual Warming \t

‘N NN NN N E

" White Dwarf ...
| ] | | ] | | | ] ] | | | ]
Birth 1 2 3 4 5 6 4 8 9 10 1 12 13 14
In Billions of Years (approx.) Sizes not drawn to scale

Colapso da nuvem molecular

A Terra provavelmente sera destruida



Por que o Sol fica mais luminoso
com o tempo?

H se funde em He no centro
O centro torna-se mais denso
O centro se contrai e se aguece

Com o aumento da densidade e da
temperatura, as reacoes nucleares ocorrem a
uma taxa mais rapida

Mais energia e produzida no centro =
mais energia é irradiada na superficie



Quando o Sol exaurir o hidrogénio no centro

— Producao do Carbono

Ocorre um colapso da regiao central, incapaz de
suportar o peso das camadas superiores

O centro se contrai e se aquece até temperaturas
superiores a 108 K

As densidades e temperaturas sao tao altas que o
proprio He se funde em 12C

Esta queima do He é chamada processo triplo «,
pois envolve 3 nucleos de He, ou seja, 3 particulas o

Produz-se o primeiro carbono!
= finalmente se foi alem da nucleossintese primordial

Nesta fase as camadas externas da estrela se expandem
e resfriam, e a estrela torna-se uma gigante vermelha



Processo Triplo Alfa




E além da fusao do helio em carbono?

Dependendo de sua massa, as estrelas podem desenvolver regides com
multiplas camadas em que ha reacbes nucleares, como por exemplo a
queima de *He em *2C no nucleo e a queima simultanea de H em “He
em uma camada adjacente ao nucleo e um pouco mais fria do que
este.

Parte do carbono formado pode também se converter em 190, se a
temperatura central for suficientemente alta.

Estrelas com massas semelhantes a do Sol ou maiores, até um limite
da ordem de 8 massas solares geralmente ndo conseguem ir alem deste
estagio, isto &, ndo podem formar elementos quimicos mais pesados

Estas estrelas terminam sua vida como uma nebulosa planetaria
—> sera o caso do Sol



NGC 6543 HST - WFPC2

PRY5-01a - ST Scl OPO - January 1995 - P. Harrington (U.MD), NASA 12/13/94 zg|




Elementos alfa

Acima do limite de aproximadamente 8 massas solares, as
temperaturas centrais atingem valores acima de 10° K e, em seus
estagios finais de evolucéao, essas estrelas possibilitam a formacéo dos
elementos mais pesados 10, 2°Ne, Mg, 28Si, 32S, 36Ar, 4°Ca e alguns
de seus isotopos.

Esses sdo chamados elementos alfa, pois sua formacao da-se pela
captura de um nucleo de “He (uma particula alfa) por um nicleo mais
leves

Alguns destes elementos podem também ser formados na queima de
carbono (**C+12C) e oxigénio ($°0+1Q)

Essa sequéncia de reacOes € eficiente até o *°Fe

Além do °6Fe, as reacdes nucleares passam a sequestrar energia em
vez de fornecer, e a regido central colapsa

Estas estrelas terminam sua vida como uma supernova de tipo |1
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NUCLEOSSINTESE ESTELAR
Processos Alfa

Helium-4 Helium-4 Helium-4 Helium-4 Helium-4 Helium-4 Helium-4

¢ ¢ ¢ o ¢
% = & b \ Y
9-90-0-0—-0—-0—0—0

Silicon-28 Sulfur-32 Argon-36 Calcium-40 Titanium-44 Chromium- n-52 Nickel-56

/ *%Co
m Instavel

O %6Fe é 0 elemento mais estavel
ApOs ele as reagdes sdo endotérmicas (“roubam” energia)
O Pico do Fe — Cr, Mn, Fe, Co, Ni — ¢ um “pico” de abundancia

instavel



Process Fuel Products Temperature
Hydrogen Burning H He IX10'K
Helium Burning He C.0 IX10F K
Carbon Burning C O.Ne.Na, Mg Sx108 K
Neon Burning Ne 0.Mg Ix10°K
Oxygen Burning O Mg-S xXIPK
Silicon Burning S1 Fe + nearby elements 3xI10°K




NUCLEOSSINTESE ESTELAR
Dependéncia com a massa estelar

M=>0.08
Sgl_a;‘ \1138 i(es M>0.5 M>3 M>8
R : Solar Masses Solar Masses Solar Masses
Hydrogen Burning T=1x10° K T=5x10° K T=3x10°K
in core
Helium Burning Carbon Buming All Fusion

1 core in core Stages in Core



Producao de uma Supernova de Tipo Il
(estrela acima de 8 massas solares)

(b) Type -11 Supernova
Helium. carbon JW Heavy elements B ;
Hydrogen & \\Hydro_gen Hyd/rogen )

Sl core T Tk 2

~..
l.
Massive star imploding B

Core rebound

Normal star fusion &




Supernova 1987A Rings

Hubble Space Telescope
Wide Field Planetary Camera 2
smcn
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Producao de uma Supernova de Tipo la

(Sistema binario com ambas estrelas tendo menos
de 8 massas solares)

(8) Type.»1 Supernova

Accretion B
s disk,

White =

&

Dwart /

Planetary §
nebula P

W
v

/
Red Growing *
Detonation " & &

giant  white dwarf B

Binary star system §




Main - sequence
companion

Roche lobe
of companion

7

/7 Mass-transfer
stream

N\
\\

Roche lobe of
whitc’dwarf

/

White

Accretion
disk




Sintetizando



Supernovas
 Morte Violenta!

» Mais de um tipo: Sgyernovg!

e MRCONA 2

— la: sistemas binarios
— 11 estrelas de alta massa

SN1987A (David Malin and the Anglo Australian Observe



Supernovas |

SNII: queima nuclear até
Fe

 Colapso gravitacional
* Nucleo = estrela de
néutrons ou buraco negro - EL e ds
- Camadas exteriores = @ s i
supernova
» Producao de O, s .
elementos a, C, (Fe), (N) *
SN1987A (David Malin and the Anglo Australian Observe
« Tempos: Manos (ou anos

para as hipernovas
primevas)

Supernoyal




Supernovas la

SN Ia: anas brancas em

sistemas binarios

Incertezas quanto a

companheira:

e ana branca,

 gigante vermelha,

» degenerada,

e nao degenerada

L~10-100x

Producao de |

SNII
He

Tempos: 0.1-]

| Ganos

¢

SN1994D - Hubble Space Telescope



Nebulosas Planetarias

O Sol val morrer assim!

Estrelas com massas ” IR,
menores que 8 vezes a
massa do Sol ’

Nucleo = ana branca

Camadas exteriores = .
nebulosa planetaria a

Producao de C, N
Tempos: até varios Ganos

Promovem as condic¢oes
prée-bioticas.

Stellar Evolution



Li, Be, B (bem pouco abundantes)
< NUCLEOSSINTESE NO MEIO INTERESTELAR
Espalacao por raios cOsmicos

-

SLi (0 isOtopo mais leve do litio)*, Be (berilio) e B (boro)

*7Li é produzido no Big Bang, por espalacdo e em estrelas



Nucleossintese alem do Fe

Alem do Fe, a energia de ligacdo por nucleon diminuiu com a massa
atdmica e a nucleossintese passa a exigir energia em vez de produzir.

Alem do Fe, pode ocorrer a captura de prétons, processo-p, que é
pouco importante , so acontece em altissimas temperaturas porque o
proton tem gue vencer a forca repulsiva do nucleo positivo

A sintese de nucleos mais pesados que o ferro se da principalmente por
captura de néutrons, que e de dois tipos: processo-s e processo-r

O processo-s (“s” de slow) ocorre em fluxos moderados de néutrons, e
envolve isotopos intermediarios radioativos de vida longa (milhares de
anos), que depois decaem no nucleo final estavel. Seus sitios sao
estagios avancados de evolucao estelar de estrelas tanto de massa
Intermediaria como de alta massa. Produzem até o Bi.

O processo-r (“r” de rapid) se da em fluxos de néutrons altissimos, e
envolve isotopos radioativos de vida curta (menos de 1 segundo).
Ocorre em supernovas tipo Il e em fusoes de estrelas de néutrons.



Fusoes de Estrelas de Neutrons

Kilonova

L

Aug 18

e

altos fluxos de néutrons =
—> Processo-r Kilova detectada em 2017 pelo

. ~ , Swift apos o evento de ondas
Producao de lantanideos gravitacionais GW170817 .

(ex. Eu), Os-Ir-Pt-Au, Produziu-se 1-5 M, de Eu e 3-13
actinideos (Th, U) M, de Au, e > 100 M,, de Pt.



Sitios de Nucleossintese

Big Bang

Meio interestelar (espalacao por raios césmicos)
Estrelas de massa intermediaria/Nebulosas Planetarias
Estrelas de alta massa/Supernovas de tipo I
Supernovas de tipo la

FusoOes de estrelas de néutrons

Qutros:
— Novas
— Ventos estelares de estrelas de alta massa



. © TABELA
ORIGEM DOS ELEMENTOS QUIMICOS

b
. Simbolo x:s :F
Big Bang N'Atomico |
- Objeto Relacionado Z P
P
Estrela de massa Massaidmicn : ’

intermedidria (entre0,8 e
8 massas solares), que
termina sua vida como
Nebulosa Planetaria.

. Estrela de alta massa (acima
de 8 massas solares), que
termina sua vida como
Supernova de tipo IT

- Fusio de estrelas de néutrons.

Ana Branca
crescendo

¢
’
- Supernova de tipo Ia, que é o PY . l*‘ / ; o 3 N
- resultade da evolugio de ‘.\, "‘g’ F Explosio
| o

Sistema Bindrio  An3 Branca

um sistema de duas

Espalacao —_— estrelas, cada uma de
3 Processo de colisao entre massa intermediaria Nebulosa Disco de Acregao
o, & raios cosmicos (particulas de Planetaria
- & — =, alta energia) e nicleos
Priton ] ’ atomicos do meio interestelar

Niickeo de
Cartoen .

Nitrogénio Gurado Néeles

o Oxighesi de Litio, Berdlio

PERER ouBoro Elementos
produzidos

artificialmente S . <.> I I S; I_-I

Tabela adaptada por Karline Brandio



