12 - O Meio Interestelar (ISM) e a
Formacao de Estrelas

12.3 Evolucao pre-sequéncia
principal



Colapso da nuvem: escala de tempo free-fall

Colapso da proto-estrela: escala de tempo de Kelvin-Helmholtz



Colapso homologo

3r 1 \'/?
Escala de tempo de free fall s T
para o colapso da nuvem: i 32 Gpg

O tempo de free fall ndo depende do raio da nuvem = colapso
homologo (todas as partes da nuvem colapsam no mesmo tempo)

Exemplo 12.2.2
Usando os dados do Exemplo 12.2.1, estimar o tempo de
colapso da nuvem para uma proto-estrela.

Po =3 x101tkgm=3 = t; = 3,8 x 10° anos



Exemplo 10.3.1. Quanta energia teria liberado o Sol pelo
colapso de proto-estrela a partir de um raio inicial muito
maior ao atual? 3 GM?2

~

(metade da energia potencial
10 R pode ser radiada)

Assumindo que uma proto-estrela tem R, >>R_:

3 GM?
AE, = —(Ef — E;) ~ —E; =~ @ ~ 1.1 x 10*7.
Supondo luminosidade aprox. constante para o Sol:
. AEg ~ 107 anos txu é.a escala de tempo
Lo Kelvin-Helmholtz

t., >> t: = a evolugdo da proto-estrela acontece
lentamente (comparada ao colapso da nuvem)



Colapso de nuvem a proto-estrela

Proto-estrela em
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Stellar Structure and Evolution by Kippenhahn, Weigert & Weiss
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FIGURE 12.9 Theoretical evolutionary tracks of the gravitational collapse of 0.05, 0.1, 0.5, 1, 2,
and 10 M, clouds through the protostar phase (solid lines). The dashed lines show the times since
collapse began. The light dotted lines are pre-main-sequence evolutionary tracks of 0.1, 0.5, 1, and
2 Mg, stars from D’ Antona and Mazzitelli, Ap. J. Suppl., 90, 457, 1994. Note that the horizontal axis
is plotted with effective temperature increasing to the left, as is characteristic of all H-R diagrams.
(Figure adapted from Wuchterl and Tscharnuter, Astron. Astrophys., 398, 1081, 2003.)



Calculos classicos Nucleo
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no nucleo da estrela

FIGURE 12.11 Classical pre-main-sequence evolutionary tracks computed for stars of various
masses with the composition X = 0.68, Y = 0.30, and Z = 0.02. The direction of evolution on each
track is generally from low effective temperature to high effective temperature (right to left). The
mass of each model is indicated beside its evolutionary track. The square on each track indicates the
onset of deuterium burning in these calculations. The long-dash line represents the point on each track
where convection in the envelope stops and the envelope becomes purely radiative. The short-dash
line marks the onset of convection in the core of the star. Contraction times for each track are given
in Table 12.1. (Figure adapted from Bernasconi and Maeder, Astron. Astrophys., 307, 829, 1996.)
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Calculos classicos de

evolucao na pré-Sequéncia

Principal
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Calculos classicos de
evolucao na pré-Sequéncia
Principal

Initial Mass (M)  Contraction Time (Myr)

60 0.0282 .

23 0.0708 ar

15 0.117 il

9 0.288 [
5 115 |
3 7.24 R e
) 23 .4 Logjo 7, (K)
15 35.4
] 38.9

0.8 68.4



Estrelas massivas: nucleo
convectivo mesmo apoésa ¢
pré-Sequéncia principal

M Inicio da queima de deutério
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=

w

Log 10 & /L

o

Comeco da conveccao
no nucleo da estrela

Estrelas com M < 0,5 M., sao o
completamente convectivas

na pré-Sequéncia principal e
na sequéncia principal
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Se M da proto-estrela < 0,072 M., = temperatura baixa
demais para a queima de H

M > 0,06 M, = queima de Li
M > 0,013 M, = queima de deutério
Anas marrons: 0,013 < M/M_, < 0,072

Brown Dwarf Gliese 229B

Tipos espectrais
LeT

Palomar Observatory Hubble Space Telescope
Discovery Image Wide Field Planetary Camera 2
October 27, 1994 November 17, 1995

PRC95-48 - ST Scl OPO - November 29, 1995
T. Nakajima and S. Kulkarni (CalTech), S. Durrance and D. Golimowski (JHU), NASA




————— Sequéncia Principal | o-12

de Idade Zero oF 1.
ZAMS: Zero-Age Main Sequence | “’M'\\ \/W .

Initial Mass (M) Contraction Time (Myr)

60 0.0282
25 0.0708
15 0.117

Estrelas massivas se formam
muito mais rapidamente do que
estrelas de baixa massa

9 (0.288

S LD

3 7.24
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Near the outskirts
of the Small
Magellanic Cloud,
lies the young star
cluster NGC 602,
surrounded by
natal gas and dust.
Fantastic ridges
and undulating
shapes strongly
suggest that
energetic radiation
and shock waves
from NGC 602's
massive young
stars have eroded
the dusty material
and triggered a
progression of star
formation moving
away from the
cluster's center.

https://www.nasa.gov/m(]ltimedia/irrTagegaII_er'y/irhage_fea-tu re_740.html |



Para baixas massas
(m < 0.1M,) talvez
é constante (ou
seja, nao tem
queda)

T

A Funcao de Massa +2
Inicial (IMF)
Initial Mass Function

&  Muitas estrelas
de baixa massa
sao formadas

T

Log,o € (Log,q

Poucas estrelas
de alta massa
sao formadas

1

25 ;
-2 -1 0 +1 +2

FIGURE 12.12 The initial mass function, &, shows the number of stars per unit area of the Milky
Way'’s disk per unit interval of logarithmic mass that is produced in different mass intervals. The
individual points represent observational data and the solid line is a theoretical estimate. Masses are
in solar units. (Figure adapted from Rana, Astron. Astrophys., 184, 104, 1987.)
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Regioes H |l

- Temperatura ~ 8000 K

* Luz UV de estrelas O e B pode ionizar nuvens de gas de
hidrogénio neutro (E > 13,6 eV para ionizar H no estado base)

- Elétrons recombinam e decaem a estados menos excitados.
No visivel, a radiacao dominante € devida a transicao
n=3-2>2, o que da a cor vermelha (Ho: 656,3 nm)

15

Ho



‘Nebulosa de grion:.fégiéo.H..Jj;, 2

o. 'Q‘ 2

(c) Laszlo Francsics, https://apod.nasa.g'dv/apéd/ap150102.htm|



Trapezium cluster @ Orion Nebula

-

Lo

Hubble, infrared

(c) Laszlé Francsics, optical image
http://www.ptes.hu/gallery/m42b/m42b.html



Tamanho de Regioes H i

NN H : numero de recombinagdes por unidade de V por segundo

o.: coeficiente de recombinacao (probabilidade de e + p = H)

Para cadaionde H, um e- é liberado: B, = Ny

Em equilibrio, numero total de fotons

ionizantes por segundo N deve ser igual ao o N

numero de recombinacodes por segundo:

2V=N

Supondo Raio de Stromgren:

regiao HIl y, _ éﬂrs 3N

esférica: 3 re >~ { —
4o

1/3

~2/3
Ny

N: nUmero total de fotons ionizantes (A < 91,2 nm) por segundo

n,: densidade numérica de H

o.: coeficiente de recombinacdo. ~ 3,1x101° m3 s* (T = 8000 K)




Example 12.3.1. From Appendix G, the effective temperature and luminosity of an O6 star
are T, >~ 45,000K and L =~ 1.3 x 10° L, respectively. According to Wien’s law (Eq. 3.15),
the peak wavelength of the blackbody spectrum is given by

0.0029 m K
b R 64 nm

e
Since this is significantly shorter than the 91.2-nm limit necessary to produce ionization
from the hydrogen ground state, it can be assumed that most of the photons created by an
O6 star are capable of causing ionization.
The energy of one 64-nm photon can be calculated from Eq. (5.3), giving

hc
E, = R = 19eV

Now, assuming for simplicity that all of the emitted photons have the same (peak) wave-
length, the total number of photons produced by the star per second 1s just

N ~ L/E, ~ 1.6 x 10* photons s~
taking Ny~ 108 m 3tobea typical value an H II region, we find

1/3
r5_35pC r52(3—N) n;2/3

4o

Values of rg range from less than 0.1 pc to greater than 100 pc.
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FIGURE 12.15 The giant gas pillars of the Eagle Nebula (M16). The left most pillar is more than
I pc long from base to top. Ionizing radiation from massive newborn stars off the top edge of the

image are causing the gas in the cloud to photoevaporate. [Courtesy of NASA, ESA, STScl, J. Hester
and P. Scowen (Arizona State University).]



Associacoes OB
- S3o grupos dominados por estrelas O e B

- De acordo a diferentes estudos essas estrelas
estao no processo de ser dispersadas

Exemplo.

Aglomerado do Trapezio

- ldade < 10 milhdes de anos

- Densamente populado
(densidade ~ 2000 pc3)

- Medidas da velocidade do gas
sugerem que o gas esta sendo R
dispersado =2 cluster unbound ol

Trapezium cluster in the infrared
© Hubble




Estrelas T Tauri

- Estrelas de baixa massa
(0,5-2 M) da pré-
Sequéncia Principal

- Variabilidade

- Alta rotacao

- Muitas apresentam fortes
linhas de emissao em Ha e
Call

- Algumas linhas proibidas
— gas em baixa densidade

- Forte absorcao em Li

Log,o (Ly,/L.)

-0.51

<1

g—

ﬂ»

39

3.8

FIGURE 12.16 The positions of T Tauri stars on the H-R diagram. The sizes of the circles indicate
the rate of rotation. Stars with strong emission lines are indicated by filled circles, and weak emission
line stars are represented by open circles. Theoretical pre-main-sequence evolutionary tracks are also
included. (Figure adapted from Bertout, Annu. Rev. Astron. Astrophys., 27, 351, 1989. Reproduced
with permission from the Annual Review of Astronomy and Astrophysics, Volume 27, ©1989 by

Annual Reviews Inc.)
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Estrelas T Tauri: perfis de linha P-Cygni

I 1
Luz da estrela

§ absorvida
i pela shell

. T Expanding
Emission from edges b shell

of shell perpendicular .
to line of sight (C)

___ Emission from receding |
rear portion of shell (D)

Emission from —___|
T approaching front
L portion of shell (B)

Intensity

Continuum

Absorption due to

o L .__8 . ]
approaching near \ M =10 M@ yr = B /! B
- side of shell (A) Mass accretion ~ Mass loss T
e Lo ios s 1o iow bos 0w boa L oa &
i : 2|8
Blueshift Ao Redshift l S

(a) A—>
FIGURE 12.17 (a) A spectral line exhibiting a P Cygni profile is characterized by a broad emission (b)
peak with a superimposed blueshifted absorption trough. (b) A P Cygni profile is produced by an
expanding mass shell. The emission peak is due to the outward movement of material perpendicular
to the line of sight, whereas the blueshifted absorption feature is caused by the approaching matter in
the shaded region, intercepting photons coming from the central star.



Estrelas FU Orionis

- As vezes as estrelas T Tauri podem sofrer um

aumento na acrescao de massa
M =10"*Mg yr™

- Luminosidade incrementa em ~ 4 ordens de
grandeza. Isso pode durar décadas.

- Essa instabilidade pode ser devida a uma grande
acrescao de massa (~ 0,01 M)

- Estrelas T Tauri podem passar por varios
episodios FU Orionis



Estrelas Herbig Ae/Be

- A versao mais massiva de estrelas T Tauri

- Tém fortes linhas de emissao (por isso a
designacdo Ae/Be)

- Massa™~2-10 M,

-  Tempo de vida curto = pouco estudadas



Objetos Herbig Haro

Relacionados a jatos produzidos por proto-
estrelas como as T Tauri

Jets from Young Stars - HH1/HH2 HST - WFPC2

PRC95-24c - ST Scl OPO - June 6, 1995 - J. Hester (AZ State U.), NASA
FIGURE 12.18 (a) The Herbig—Haro objects HH |1 and HH 2 are located just south of the Orion

nebula and are moving away from a young protostar hidden inside a dust cloud near the center of
the image. [Courtesy of J. Hester (Arizona State University), the WF/PC 2 Investigation Definition
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HH47

Jets from Young Stars
PRC95-24a - ST Scl OPO - June 6, 1995

C. Burrows (ST Scl), J. Hester (AZ State U.), J. Morse (ST Scl), NASA

HST - WFPC2

Upper left image:
Protostellar object
called HH-30
reveals an edge-
on disk of dust
encircling a newly
forming star. Light
from the forming
star illuminates
the top and
bottom surfaces
of the disk,
making them
visible, while the
star itself is
hidden behind the
densest parts of
the disk.

Upper right: A more distant jet in object HH-34 shows a beaded structure, produced by a blast
of 'bullets' of dense gas ejected from the star at speeds of ~805 thousand kilometres per hour.

Bottom image: This view of a three trillion mile-long jet called HH-47 reveals a very
complicated jet pattern that indicates the star (hidden inside a dust cloud near the left edge of
the image) might be wobbling, possibly caused by the gravitational pull of a companion star.




Formacao de disco e
jatos em proto-estrelas

A contracting cloud fragment always
has some small, overall rotation.

In the¥late stages of collapse, the central protostar may

Conservation of angular momentum ensures that the i€ jets of high-speed gas along its rotation axis.
rotation speeds up as the cloud shrinks and flattens.

© The Cosmic Perspective



;_j_;v;i"yHe'rbig—Haro
o/ objects | .

‘ Eibandihg shell

LN e I s km 57!

FIGURE 12.20 An early model of a T Tauri star with an accretion disk. The disk powers and
collimates jets that expand into the interstellar medium, producing Herbig-Haro objects. (Figure
adapted from Snell, Loren, and Plambeck, Ap. J. Lett., 239, L17, 1980.)



Estrelas jovens
com discos
circumestelares

Disco de detritos
em estrela jovem

Material para
formar planetas?

FIGURE 12.21 An infrared image of B Pictoris, showing its circumstellar debris disk. (European
Southern Observatory)




Impressao artistica do disco de detritos ao redor de Beta Pictoris,
mostrando formacao planetaria, exocometas e planetesimais

http://imagine.gsfc.nasa.gov/Images/bios/roberge/BetaPictoris.jpg



Imagem infravermelha
tirada pelo Observatorio
Europeu do Sul,
mostrando o disco de
detritos e o planeta Beta

Pictoris b

Planeta
(a partir da
estrela)
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Proplyds: discos proto-planetarios?

M ~ 2x10% kg (M.

" B

~ 6x1024 kg)

N
. : :‘z\
¢
/
N
a .

https://www.spacetelescope.org/news/heic0917/ -



https://www.spacetelescope.org/news/heic0917/



Estudo de estrelas jovens no Brasil

Profa. Jane Gregorio Profa. Silvia Alencar
Hetem (IAG/USP) (UFMG)
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