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Evolution of massive stars as neutron star and black
hole progenitors
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|. Basics of stellar evolution



Stellar luminosity with black-body approximation

» |f you integrate the Planck function over the whole frequency range, you get the Stefan-
Boltzmann law as the following:

F =oT* at stellar surface
* Here F = flux (energy per unit area per unit time)

» The stellar luminosity (total energy per unit time) is then given by:

L = AT R?F = 4nR%cT*

« This means: stars are bright because they are hot (regardless of their
energy source).
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Three principles that govern the evolution of stars

mm Stars are in hydrostatic equilibrium

mm Stars have a negative heat capacity

== Otars lose energy by radiation




1. Stars are in hydrostatic equilibrium.



Hydrostatic Equilibrium Equation

FGraV:_ —

The outward pressure force acting on the unit area:

P
Flressure = dr?[P(r) — P(r + dr)] = _dTQZ—rdT



Hydrostatic Equilibrium Equation

By equating the two:

Fgrav — Fpressurea

we get the equation that describes the hydrostatic equilibrium in stars:

/

-

dP_
dr

G M.,

r2

P=—9p

\

Force per unit volume



Equation of State for a non-degenerate gas

1

~

P = nkT + §aT4

)

L

ldeal Gas  Radiation
pressure pressure

n = number density

k = Boltzmann constant

a = radiation constant



Central pressure and temperature
from the hydrodynamic equilibrium

M dP P,

using p ~ 3 and i E,We get
GM? M\*/ R\
P. ~ — 1.1 x 106 [ — — d —2
R : <M®> <R®> v e
and

~1
T, = ,LbcmuPC N G,LbcmuM — 10 x 107 % E ( %6 ) K
kpe kR M, ) \ Rg 0.85



2. Stars have a negative heat capacity.



VIRIAL :
German, from Latin vires, plural, strength, power + German -ial; akin to Latin vis strength, force, violence (from Merriam-Webster)

: _ . dP G M,
Hydrostatic equilibrium equation: d— = ————p=—gp
r r
4 4 G M, GM, G M,
—mr3dP = — =71’ pdr = — A2 pdr = — dM,
3 3 72 3r 3r

If we integrate the above equation, we get the following relation.

2Eint = —Fgrav | : Virial Theorem

where we assumed the ideal gas equation of state.




The Virial Theorem and the p -T relation in stars

Virial Theorem: 2Eint — _Egrav

SMET — GM?

Therefore: —
41T, R
And: 1/3
7 apm, G M _ apum, G (4n / M2/351/3
3k R 3k 3
T = average temperature of the star
a = some constant that depends on the density profile

e For a given temperature, density is lower for a

T X M/i 2/3101/3 more massive star.
 As the star contracts, temperature increases.




Virial Theorem and Heat Capacity of a Star

Total Energy: Etot — Egrav + Eint

Virial Theorem: 2Eint = —Egrav

Etot — _Einit

— [ AEtot — _AEinit }

Stars have a negative heat capacity!



3. Stars lose energy by radiation.



Stars radiate light.

Luminosity in hydrostatic equilibrium = Energy loss rate by radiation. (Energy loss by neutrino
emission is not important for usual stars)

. dEtot
dt

If we ignore any internal energy source, from the virial theorem,

[ =

1
Etot — _Eint — iEgraV

we get:

d Etot d Einit _ 1 dEgrav

dt dt 2 dt

L =—

This means: Stars in hydrostatic equilibrium would become hotter and more compact as they lose energy
by radiation, if there is no internal energy source.



Kelvin-Helmholtz Timescale

If a star does not have any internal energy source (i.e., nuclear burning), the star would
contract as they lose energy by radiation to maintain hydrostatic equilibrium.

The timescale for this thermal contraction (this is NOT dynamical free fall) is called
“Kelvin-Helmholtz” time scale (or thermal timescale).

Etot GM 2

"KH = "7 = 3R],

i = 1.5 x 107[yr] (M£®)2 (%) (%@)

KH time is much longer than the dynamical time (i.e., sound crossing time or free fall time)




Stars with nuclear burning

L ,,. = energy generation rate by nuclear burning

L = energy loss rate by radiation

The virial theorem tells us:

dEtot dEint
L — Lnuc — — —
dt dt dt dt 2 dt

dEgraV o dEint L 1 dEgrav

Thermal equilibrium : the energy loss by radiation occurs at the same rate with the energy
generation by an internal source (e.g., nuclear reactions).

L - L in thermal equilibrium for main
nuc sequence star.

If there’s a perturbation in terms of energy (i.e., instant extra-energy input or
loss), thermal equilibrium can be restored on the thermal timescale.



Stars with nuclear burning

. dEtot L dEint L 1 dEgraV
L= Lnue = dt  dt 2 dt

2 o| THA}.
=— O O.
=718

Of &

-« L-L_ > 0:the star loses more energy than nuclear energy - contraction
« L-L, . <0: Stars gain more energy due to nuclear burning than it loses - expansion



M c?
L 7 Mg L

Thuc — ¢f nuc

¢ = the fraction of the rest mass of the nuclei that is converted into energy

~ 0.007 for hydrogen burning

fouec = the fraction of the stellar mass that serve as nuclear fuel

Thuc -~ > TKH =~ Tdyn

Stars can find thermal equilibrium on a very short timescale compared to the
nuclear burning timescale.



F = photon flux (energy per unit area per unit time)

F — 1 \ du u = radiation energy density
T §C % ¢ = speed of light

A = mean free path of a photon

U = aT4 dacT3 dT
Fr — (energy per unit area per unit time)

\ 1 — 3pk dr

PR — 0 16macr?T™ dT

er — 47TT Fzr- —

p = mass density 3pK dr
K = opacity (energy per unit time)



Dimensional analysis to derive the M-L relation

2 G M, I _ 16macr?T3 dT
ar P " 3kp  dr
_ _ pkT
uR R R? " kMR
L (B!
Th~Mp NN kM
4 N
4 3
L ~ Y M 20;;;‘”;‘5”93' gas where the gas pressure is
K




Mas-Luminosity Relation and Nuclear Burning Time

log (L / Lsun)
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More massive stars have
a shorter lifetime.

e.g.
* 1 Msun star: 10 Gyr
* 20 Msun star: 10 Myr
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4. Overall Picture of Stellar Evolution
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Overall picture of stellar evolution

2. Main sequence

L ~ Lnuc

on the main sequence
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Stars on the main sequence
is in thermal equilibrium.
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Mirror principle

If a star has an active shell burning source, the burning shell acts as a mirror between the core and the
envelope:

core contraction = envelope expansion
o core expansion = envelope contraction

" . * - | Numerical simulations show that, as the core contracts,
'. T | the envelope expands, if there is a nuclear burning
shell: I.e., the star becomes a giant star as the core

/ \ contracts.
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Evolution of the central density and temperature ,/

Stars with M > about 8 -9
Msun

They do not become white dwarfs.
The iron cores collapse to neutron
stars or black holes. The stars that
collapse to neutron stars also
produce supernovae, as a result of
the core-collapse.
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Il. Evolution of Massive Stars
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sun)
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https://commons.wikimedia.org/wiki/File:Night_Sky_looking_towards_Orion.jpg
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Evolution of Massive Stars
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Advanced Nuclear Burning Stages

(e.g., 20 solar masses)

Fuel Main Secondary Temp Time

Product  Products (10° K) (yr)

H / He N 0.02 107

He ) 130,%Ne 0.2 10°
/ $- process

C Ne, Mg Na 0.8 10°

Ne / 0, Mg Al P 1.5 3

O / Si, S Cl, Ar 2.0 0.8

/ K, Ca
Si Fe 4 b NI & 20 1 week
Mn, Co, Ni

Courtesy: S. Woosly
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£ 11: SASI: Standing Accretion Shock Instability

https://www.youtube.com/watch?v=5fcsSA31rkE

https://physics.aps.org/articles/v5/13



https://www.youtube.com/watch?v=5fcsSA31rkE
https://physics.aps.org/articles/v5/13
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Standard scenario of massive star evolution

Red: H-rich Red Supergiant
Green: He-rich %
Purple: Metal —
or BH
Wo
N /
Main —_
Sequence or BH
df/@\ l
® A\ @
— Q@ —@ -
Wolf-Rayet Star or BH

Blue Supergiant

I/FI/ ) . .
raa = [ " Mying o< L2207
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Optical Image

Red-supergiant star: Betelgeuse

This is the closest RSG from
the earth (about 640 light
year away)

IR image by the Herschel space telescope.




V838 Mon: Another example of mass-loss from red-supergiant star.

V838 Mon Light Echo
HST ACS/WFC
Hubble Heritage

.

-

May 20, 2002

September 2, 2002

October 28, 2002

December 17, 2002

February 8, 2004

N )«*‘

o

October 24, 2004




A Wolf-Rayet Star (WR star). It is a naked

helium star that has lost its hydrogen
envelope. A star of this kind has usually
very strong winds.

Eta Carinae nebula: The star at the center
has a mass of about 100 Msun. This star
underwent a great eruption in the 1840s,
ejecting about 10 Msun.




Final mass of single stars as a function of metallicity
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lll. Conditions for neutron star and
black hole formation
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Figure 12.5. Evolution of central temperature and density of 15 M, and 25 M;, stars at Z = 0.02 through all

nuclear burning stages up to iron-core collapse. The dashed line indicated where electrons become degenerate,

and the dash-dotted line shows where electrons become relativistic (e. = m.c®). The dotted line and arrow in-

dicates the trend T o p.'/* that is expected from homologous contraction. Non-monotonic (non-homologous)

behaviour is seen whenever nuclear fuels are ignited and a convective core is formed. Figure adapted from
Woosley, Heger & Weaver (2002, Rev. Mod. Ph. 74, 1015).



The stellar evolution at the final stages is highly non-linear with
complicated convection history, and the final stellar structure is not easy
to predict robustly.
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Pre-SN Evolution

////////////////////////////////////////////

Due to the complex history
with convection and shell

burning, the iron core size is

not a monotonic function of
the intial mass

-2 =
log( time ore collopse / yr)

Woosley & Heger 2002

DAy



2’2 L) 1 I I L) I 1 L) I 1 L) L) 1 I L) 1 I L) I I L) ) I I 1 I I L) I
- ¢ 0O shell 7
I | RIA 1
+ deleptonized core °%
_ " i
o
2.0 0% &0 o
b— o —
%3]
& : i
n O o
O
€ 1.8 3 ” " =
s [ o ° ]
% B o I R 5 © 1
~ o ® o <o <
I © w7 © % +
g 1.6 é;’ 4 o o O+, w4 N -
£ . © 4
» s +o S @ oh O4 +-F—'_I5'-H_¢.¢ i
s | oy N L |
& ey "
1.4 @%? it & ¢#+ =
[ 0+ A + 7
L + + -
o
rr A
19|t = solar metallicity |
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
10 15 20 25 30 35 40

initial mass / solar masses

Woosley et al. 02



Pre-SN Evolution
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Woosley & Heger 2002

Due to the electron capture, the number of electron per baryon (Y;)

Z; X;
Ye=2 4 (1)

Beta-decays also affect the final Y.

decreases:

O = = = = o ¥



Pre-SN Evolution

electrons per baryon

0'5005_ electrons / baryon 10
f ----- infall velocity
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0.480
{-4
0.470} ,
f / 1-6
[ !
0.460 '
5 !
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0.450
0440 4\ 10l
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interior mass / solar masses

Woosley & Heger 2002

-1

radial velocity / 107 cm s

The Chandrasekhar mass:

Mgy, = 5.83Y, (2)

For Y. = 0.45, we have
Mcn = 1.18 M. The effective
Chandrasekhar mass:

27,22
k“T
Mch,eft = Mcn [1 + (W—Q)}
€F
(3)
where er = 1.11(p7Y:)'/3 MeV. For an

iron core of 15 M star, we have
roughly Mch s ~ 1.34 M.
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binding energy becomes higher for a higher initial mass.
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Compactness parameter
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Sukhbold et al. 2016
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R136a1: 265 M, (EHOFR EH25})
R136a2: 195 M, (EHOFR EH25})
VFTS 682 : 150 M, (CHOFE 2t 25}
R136a3 : 135 M, (CHOPE& 225t
NCG 3603-B: 132 M, (2|23})

Eta Carinae A: 120 M., (2 2|23})
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