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Descoberta de Sirius B
(1838) Friedrich Wihelm Bessel usou a 
técnica de paralaxe para determinar a 
distância a 61 Cygni. 

Usou a mesma técnica para a estrela Sirius 
(mais brilhante no céu).

d =
1

p00
pc

p00 = 0.37900
d = 2.64 pc = 8.61 anos-luz

Sirius
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Paralaxe Estelar 



Descoberta de Sirius B

Após 10 anos, Bessel descobriu que Sirius 
era um sistema binário. 

(1862) Alvan Graham Clark descobriu 
Sirius B na posição prevista. 

Torbital = 49.9 anos
Sirius A

Sirius B

MA = 2.3M� MB = 1.0M�

LA = 23.5L� LB = 0.03L�
�4



(1915) Walter Adamns descobriu que Sirius 
B é uma estrela azul-branca, que emite 
maior parte da energia no ultravioleta.

Descoberta de Sirius B
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TB = 27 000 K TA = 9 910 K

L = 4⇡R2�T 4
e

�maxT = 0.002897755 m K

Lei de deslocamento de Wien

Lei de Stefan-Boltzmann

RB = 0.008 R�



Descoberta de Sirius B

Sirius B tem a massa do Sol confinada 
dentro de um volume menor que a Terra. 

A densidade média de Sirius B é 

A gravidade na superfície é 

Uma colher de chá de seu material seria 
equivalente a 
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MB = 1.0M� RB = 0.008 R�

⇢̄ = 3.0⇥ 109 kg m�3

g = 4.6⇥ 106 m s�2

16 ton
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Equilíbrio Hidrostático
A pressão interna equi l ibra a força 
gravitacional ao longo da estrela.

Equação de Eq. Hidrostático

Para um modelo de densidade constante, 
tem-se

P (r) =
2

3
⇡G⇢2(R2 � r2)

dP

dr
= �G

Mr⇢

r2
= �⇢g

Pc ⇡
2

3
⇡G⇢2R2

wd ⇡ 3.8⇥ 1022 N m�2



�8

Gradiente de Temperatura Radiativo

O gradiente de temperatura depende da 
opacidade do meio, sendo proporcional ao fluxo 
radiante.

Gradiente de Temp. Radiativo

para espalhamento de elétrons

dT

dr
= � 3

4ac

̄⇢

T 3

Lr

4⇡r2

̄ = 0.02 m2 kg�1

Tc ⇡

3̄⇢

4ac

Lwd

4⇡Rwd

�1/4
⇡ 7.6⇥ 107 K
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Diagrama Hertzprung-Russell



A Física da Matéria Degenerada

O que pode sustentar uma anã branca contra a ação da gravidade? 

Gás normal e radiação não são capazes de sustentar tamanha pressão. 

(1926) Sir Ralph Howard Fowler aplica a nova idéia de Princípio de Exclusão de 
Pauli para elétrons dentro da anã branca.
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Qualquer sistema - um átomo de H, fótons 
de corpo negro numa cavidade, ou uma 
caixa preenchida de partículas - consiste de 
estados quânticos identificados por seus 
números quânticos. 

Uma caixa de gás de partículas  está 
preenchida com ondas de de Brogl ie 
estacionárias. 

Se as partículas do gás forem férmions 
(como elétrons ou neutrons), então

Princípio de Exclusão de Pauli
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Princípio de Exclusão de Pauli

d d ⇠ �
Não mais que um férmion deve ocupar o 
mesmo estado quântico, pois não podem ter 
os mesmos números quânticos.



A energia máxima de qualquer elétron num gás completamente degenerado é conhecida 
como energia de Fermi.

Degenerescência de Elétrons
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Energia de Fermi

"F =
~2
2m

(3⇡2n)2/3



Em temperatura acima do zero absoluto, 
alguns estado abaixo da energia de Fermi 
estarão desocupados. 

Elétrons usam energia térmica para ocupar 
estados mais energéticos. 

Se a energia térmica for menor que a 
energia de Fermi, elétrons não irão para os 
estados desocupados.

Condição para Degenerescência
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Condição de Degenerescência

3

2
kT <

~2
2me


3⇡2

✓
Z

A

◆
⇢

mH

�2/3

T

⇢2/3
< D ⌘ 1261 K m2 kg�2/3

Tc

⇢2/3c

= 5500 K m2 kg�2/3 > D

Tc

⇢2/3c

= 37 K m2 kg�2/3 ⌧ D

Sol

Sirius B



Se todos os elétrons tivessem o mesmo 
momentum 

Momentum de Fermi 

Usando Z/A = 0.5 para anã branca de 
carbono e oxigênio 

Pressão de degenerescência de elétrons é 
re sponsáve l por manter o equ i líbr io 
hidrostático numa anã branca.

Pressão de Degenerescência
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Pressão de Degenerescência

P ⇡ 1

3
nepv

p ⇡
p
3~

✓
Z

A

◆
⇢

mH

�1/3

P =
(3⇡2)2/3

5

~2
me

✓
Z

A

◆
⇢

mH

�5/3

P = 1.9⇥ 1022 N m�2



(1931) Subrahmanyan Chandrasekhar 
anunciou a descoberta que há uma massa 
máxima para anãs brancas. 

A pressão central deve ser igual a pressão 
de degenerescência de elétrons 

Que implica numa relação entre massa e 
volume.

Limite de Chandrasekhar

�15

Relação Massa-Volume

2

3
⇡G⇢2R2

wd =
(3⇡2)2/3

5

~2
me

✓
Z

A

◆
⇢

mH

�5/3

MwdVwd = constante



No l im i te re l at i vís t ic o e xt remos, a 
velocidade dos elétrons é a da luz. 

O expoente 4/3 gera instabilidade na 
estrela, fazendo com que a gravidade 
vença!

Instabilidade Dinâmica e o Limite
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Limite de Chandrasekhar

P =
(3⇡2)1/3

4
~c

✓
Z

A

◆
⇢

mH

�4/3

Mch =
!0
3

p
3⇡

2

✓
~c
G

◆3/2 (Z/A)2

m2
H

⇡ 1.44 M�



Fusão Nuclear depende da densidade e 
temperatura locais. 

Quanto maior a massa da anã branca, 
maior será a temperatura e a densidade 
centrais. 

A massa de ignição é aquela na qual a fusão 
do combustível terá início. 

Supernova Tipo Ia

Massa de Ignição e Supernovas
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, J. R. T. de Mello Neto1, T. Kodama1
1Instituto de Física, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil
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The study of supernova processes has attracted a great 
deal of interest in the field of nuclear astrophysics for 
many years (Iliadis, 2011).

Type Ia supernovae (SNe Ia) have become valuable 
cosmological tools. Through calibrated light curve 
analysis, they have been used as probes to outline the 
geometrical structure of the Universe, unraveling its 
unexpected acceleration stage (Perlmutter S et al. 1999).

The energy required to power a supernova 
explosion ~1051 erg, obviously requires a powerful 
s o u r c e . E a r l y m o d e l s a t t r i b u t e d t h i s t o 
thermonuclear processing of CO-rich material into 
Fe-peak elements inside a white dwarf (Fowler, 
1960). Indeed, the incineration of ~1M⊙ of a C-O 
mixture, which releases ~1018 erg.g-1, accounts for the 
required 1051 erg.

One-dimensional numerical models of Type Ia 
supernovae (SNe Ia) have been extensively used to test 
general ideas about possible explosion mechanisms 
(Arnett 1969; Wheeler et al. 1995).

The evolution of stars is just the story of their nuclear 
transmutations and the consequent effects on the stellar 
structure.

Imagine the center of a star of mass M, which contains a 
nuclear fuel that must be heated to a temperature Tign 

for ignition. For M < MCh ≈ 1.44 M⊙ the object evolves up 
to a maximum temperature Tmax. If Tmax < Tign the star 
will not ignite the fuel, but cool down to a degenerate 
state. For Tmax ≥ Tign the fuel will ignite, and because 
Tmax increases with increasing mass M, there will be a 
minimum mass for which the iginition of any given fuel 
will occur, this is called the ignition mass.

The ignition temperature Tign can be estimated by 
equating the rate of nuclear energy release with the 
relevant cooling rate.

‣ Iliadis C. and José J. 2011, Rep. Prog. Phys. 74 096901

‣ Perlmutter S et al 1999, Astrophys. J. 517 565

‣Hoyle F. and Fowler W. A. 1960, Astrophys. J. 132 565

‣ Arnett D. 1969, Astrophysics and Space Science 5 180

‣Wheeler J. C., Harkness R. P., Khokhlov A. M., & 
Hoflich P. A. 1995, Phys. Rep. 256 211

‣ Takarada K., Sato H. and Hayashi C. 1966, Prog. Theo. 
Phys. 36 504

‣ Rodrigues H., Duarte S. B., Kodama T. 1991, 
Astrophysics and Space Science 194 313-326

‣ Arnett D. 1996, Supernovae and Nucleosynthesis, 
Princeton University Press

Fuel Tign/109(K) Ashes q(erg/g fuel)

12C 0.8
20Ne, 24Mg, 16O, 

23Na, 25,26Mg
5 × 1017

16O 2 28Si, 32Si, ... 5 × 1017

Using the Lane-Endem’s equations (hydrostatic 
equilibrium of spherically symmetric configurations) and 
the equation of state of a partially degenerate, 
relativistic electron gas and its associated ions and 
radiation fields, it’s possible to determinate the 
ignition mass for a given nuclear fuel within the star 
(Takarada, Sato and Hayashi 1966).

M/MCh Tmax/109(K) M/MCh Tmax/109(K)

0.986 3.43 0.794 0.929

0.966 2.17 0.501 0.399

0.891 1.25 0.1 0.0392

Then, in this work, we have studied the ignition mass 
using an Effective Lagrangian Description.

For this purpose, we establish a physical mapping of the 
hydrodynamical equations into a few-variable effective 
Lagrangian system. (Duarte S. B. and Kodama T. 1991)

Ri
Ri�1

L = L({Ri}, {Ṙi}) = K � VG � Uint

mi�1/2 =
4⇡

3
⇢i�1/2

�
R3

i �R3
i�1

�

Neglecting possible energy losses, the Lagrangian of the 
system can be write:

where K, VG and Uint are the kinect energy associated 
with the hydrodynamical motion of matter, the total 
gravitational energy and the internal energy, 
respectively.

Thus the equation of motion for shell coordinates is given 
by

where p is the pressure and q represents the energy 
change produced through the non-adiabatic process (as 
thermonuclear reactions). 

These equations should be coupled with the following 
equations specifying the change in temperature

Once q is specified, these equations can be solved 
numerically for variables {Ri, Ti, i = 1, ... , n}. To use 
pressure in the equations of motion, we have to specify 
the equation of state, Uint = Uint(T,V).

dTi�1/2

dt
= �


(pi�1/2 + qi�1/2) +

✓
@U

@V

◆

T

�
dVi�1/2

dt
/

✓
@U

@T

◆

V

d

dt
(Tu)i �

1

2
uT

✓
@T

@Ri

◆
u = �@VG

@Ri

�4⇡R2
i

⇥
(pi+1/2 + qi+1/2)� (pi�1/2 + qi�1/2)

⇤

Homogeneous shells for supernova model and 
the mass of i-th shell, which is kept constant.
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To begin the study, we use the method described above 
for an explosion of the star with one shell only.

We simulate the properties of the stellar matter by 
writing the pressure as the sum of the neutral gas 
pressure Pg and radiation pressure Pr, given by

Pg =
N0kB
µ

⇢T

Pr =
1

3
aT 4

We considered the proton-proton reaction for energy’s 
production in the star.
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Star radius as function of time for the equation 
of state with photon or without.

Star temperature as function of time, same 
considerations as above.

Total energy produced inside the star as 
function of time, same considerations as above.

In this study, we see that the variation of temperature 
increase more slowly with photons than without them. 
This is because the system have more freedom degrees to 
distribute the energy generated by thermonuclear 
r e a c t i o n s , t h e n th is s lows the e xplos ion 
phenomenon releasing more energy.

, J. R. T. de Mello Neto1, T. Kodama1
1Instituto de Física, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil
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The study of supernova processes has attracted a great 
deal of interest in the field of nuclear astrophysics for 
many years (Iliadis, 2011).

Type Ia supernovae (SNe Ia) have become valuable 
cosmological tools. Through calibrated light curve 
analysis, they have been used as probes to outline the 
geometrical structure of the Universe, unraveling its 
unexpected acceleration stage (Perlmutter S et al. 1999).

The energy required to power a supernova 
explosion ~1051 erg, obviously requires a powerful 
s o u r c e . E a r l y m o d e l s a t t r i b u t e d t h i s t o 
thermonuclear processing of CO-rich material into 
Fe-peak elements inside a white dwarf (Fowler, 
1960). Indeed, the incineration of ~1M⊙ of a C-O 
mixture, which releases ~1018 erg.g-1, accounts for the 
required 1051 erg.

One-dimensional numerical models of Type Ia 
supernovae (SNe Ia) have been extensively used to test 
general ideas about possible explosion mechanisms 
(Arnett 1969; Wheeler et al. 1995).

The evolution of stars is just the story of their nuclear 
transmutations and the consequent effects on the stellar 
structure.

Imagine the center of a star of mass M, which contains a 
nuclear fuel that must be heated to a temperature Tign 

for ignition. For M < MCh ≈ 1.44 M⊙ the object evolves up 
to a maximum temperature Tmax. If Tmax < Tign the star 
will not ignite the fuel, but cool down to a degenerate 
state. For Tmax ≥ Tign the fuel will ignite, and because 
Tmax increases with increasing mass M, there will be a 
minimum mass for which the iginition of any given fuel 
will occur, this is called the ignition mass.

The ignition temperature Tign can be estimated by 
equating the rate of nuclear energy release with the 
relevant cooling rate.

‣ Iliadis C. and José J. 2011, Rep. Prog. Phys. 74 096901

‣ Perlmutter S et al 1999, Astrophys. J. 517 565

‣Hoyle F. and Fowler W. A. 1960, Astrophys. J. 132 565

‣ Arnett D. 1969, Astrophysics and Space Science 5 180

‣Wheeler J. C., Harkness R. P., Khokhlov A. M., & 
Hoflich P. A. 1995, Phys. Rep. 256 211

‣ Takarada K., Sato H. and Hayashi C. 1966, Prog. Theo. 
Phys. 36 504

‣ Rodrigues H., Duarte S. B., Kodama T. 1991, 
Astrophysics and Space Science 194 313-326

‣ Arnett D. 1996, Supernovae and Nucleosynthesis, 
Princeton University Press

Fuel Tign/109(K) Ashes q(erg/g fuel)

12C 0.8
20Ne, 24Mg, 16O, 

23Na, 25,26Mg
5 × 1017

16O 2 28Si, 32Si, ... 5 × 1017

Using the Lane-Endem’s equations (hydrostatic 
equilibrium of spherically symmetric configurations) and 
the equation of state of a partially degenerate, 
relativistic electron gas and its associated ions and 
radiation fields, it’s possible to determinate the 
ignition mass for a given nuclear fuel within the star 
(Takarada, Sato and Hayashi 1966).

M/MCh Tmax/109(K) M/MCh Tmax/109(K)

0.986 3.43 0.794 0.929

0.966 2.17 0.501 0.399

0.891 1.25 0.1 0.0392

Then, in this work, we have studied the ignition mass 
using an Effective Lagrangian Description.

For this purpose, we establish a physical mapping of the 
hydrodynamical equations into a few-variable effective 
Lagrangian system. (Duarte S. B. and Kodama T. 1991)
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L = L({Ri}, {Ṙi}) = K � VG � Uint
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Neglecting possible energy losses, the Lagrangian of the 
system can be write:

where K, VG and Uint are the kinect energy associated 
with the hydrodynamical motion of matter, the total 
gravitational energy and the internal energy, 
respectively.

Thus the equation of motion for shell coordinates is given 
by

where p is the pressure and q represents the energy 
change produced through the non-adiabatic process (as 
thermonuclear reactions). 

These equations should be coupled with the following 
equations specifying the change in temperature

Once q is specified, these equations can be solved 
numerically for variables {Ri, Ti, i = 1, ... , n}. To use 
pressure in the equations of motion, we have to specify 
the equation of state, Uint = Uint(T,V).
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Homogeneous shells for supernova model and 
the mass of i-th shell, which is kept constant.
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To begin the study, we use the method described above 
for an explosion of the star with one shell only.

We simulate the properties of the stellar matter by 
writing the pressure as the sum of the neutral gas 
pressure Pg and radiation pressure Pr, given by

Pg =
N0kB
µ

⇢T

Pr =
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We considered the proton-proton reaction for energy’s 
production in the star.
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considerations as above.

Total energy produced inside the star as 
function of time, same considerations as above.

In this study, we see that the variation of temperature 
increase more slowly with photons than without them. 
This is because the system have more freedom degrees to 
distribute the energy generated by thermonuclear 
r e a c t i o n s , t h e n th is s lows the e xplos ion 
phenomenon releasing more energy.
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