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Stars as Nuclear Furnaces
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Primordial Nucleosynthesis: ~ some minutes after the Big Bang...

TAKE AWAY BOX (I)

Big Bang Nucleosynthesis
only produced:

75%H
25% “He
+ traces of D, 3He, “Li (<107 %!)

!

This composition remained almost “frozen” during several Myr, until
the first stars formed and started to pollute the Cosmos
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The idea that elements could be synthesized in stellar environments
was developed in the mid 1940s by F. Hoyle (following early work on
1920/30s by Bethe, Gamow, von Weizsicker, and others...)

P.W. Merrill detected technecium (1952) in several S stars = Tc has
no stable isotopes (longest lived: T ~ 4 Myr): Stellar nucleosynthesis
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Structures at equilibrium:
Gravity <¢=sssp Pressure (Temperature)

| Thermonuclear fusion
reactions

Only objects with M > M become “stars” (i.e., powered by nuclear

reactions)

min, star

Planets <= Stars
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Our Sun (and any star, in general) is powered by nuclear reactions

1H 1H
Q? 1? 4 H - “He; 26.7 MeV =

4.3x10-12 ]
[0.0000000000043 J]

EH IH
Q ? 0\ ? This suggests than 1 nuclear

reaction releases only a tiny
amount of energy

‘\ ) Therefore, many (MANY!)

nuclear reactions should take

H@ OJH place simultaneously to account
26
for 10 J/s !
Vo | . — [1 000 000 000 000 000 000 000
L EQ 0 cu 000 000 J per second]
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ALL STARS, at the beginning of their cosmic journey, are powered by
H fusion reactions [EXERCISE 1. Find out that our Sun burns about
600 million tons of H per second!]

But why not all the H in the
Sun undergoes nuclear fusion
at the same time (1.e., why
the Sun does not blow up?)

!

Quantum tunneling!

TALK by A. Tumino,
later today

An ultra-’shallow” image of the Sun...
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Stars produce y-ray photons

In the Sun, during their trip towards the photosphere (t ~ 10%- 10° yr),
these y-ray photons lose energy and emerge as visible photons

Visible
Gamma Rays X-Rays Ultraviolet Infrared Microwaves Radio, TV
MAP
mw ovens
| | | | | | | | | |
1016 1014 1014 10-10 108 106 104 10 4 100 104
Electromagnetic Wavelength (meters) ke (Fmetar)




At the Sun’s core, the hydrogen content has decreased from
X =071 =2 0.34 (Y = 0.27 = 0.64), according to the standard

solar model [at the surface, diffusive settling has increased the
hydrogen mass fraction by 0.02 or so] => these compositional
changes are responsible for a 40% increase in L, and 10% in R.

Granule
Sunspot /
Penumbra : Solar wind
Umbra " A -~
X e
. )
Convective ‘g.
zZone e
Corona
Photosphere
Temperature —
minimum
" Flare
Chromosphere
Transition region T h E‘ S U ﬂ

P, 4 All features drawn to scale
* Prominence
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The Sun will only undergo two sequential fusion stages: H and He
fusion 2 (CO-rich) white dwarf star

Life Cycle

of the Sun Now Rad Giant Planetary Nebula
Gradual Warming

’......... ® & &

White Dwarf ...

Birth 1 6 7 8 9 10 11 12 13 14

In Billions of Years (approx.) Sizes not drawn to scale

In the process, however, the Earth will be destroyed (in about 4 — 5
Gyr from now; no rush!)
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Post-AGB+ : Core
Planetary nebula H burning
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envelope

Inert He core

H burning
shell
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Sun
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Core
He burning
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JJ (2016)
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Only massive stars (M > 10 Mg, ) undergo the full sequence of fusion
stages: H 2 He > C = Ne =2 O = Si (which yields Fe-peak nuclei)

TAKE AWAY BOX (ll)

Intermediate-mass elements,
such as He, C, O, ... Fe are
synthesized by stars during the

different fusion stages
encountered in their “normal”
evolution
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EVOLUTION OF STARS

Planetary Nebula

Small Star Red Giant White Dwarf
i M < 1.4 Msun

R ~10° - 10*km

Type 11
Supernova
Red Supergiant i / Neutron Star
Large Star : 20~
| \ M<2-3M,,,
. R ~ 10 km
—
Stellar Cloud

with

Protostars M > 10 MSun

F

IMAGES NOT TO SCALE Black Hole
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About 50% of the stars of our Galaxy form double or multiple
systems...
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 J. José-

A fraction of which evolve into a compact binary system
(containing a white dwarf or a neutron star)




~ Type Ia (or thermonuclear) Supernovae [SN Ia]
Classical Nova Outbursts [CN]

X-Ray Bursts [XRBs]: NS

-
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Detonations in WD dynamic interactions

Aznar-Siguan, Garcia-Berro, Lorén-Aguilar, JJ &
Isern, MNRAS (2013)
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Head-on collision of two neutron stars
(R. Cabezon, D. Garcia-Senz et al., UPC Barcelona)
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TAKE AWAY BOX (Il

Elements heavier than Fe (Ni) are synthesized mostly
by neutron-capture reactions (s- and r-process).
Secondary channels include proton-captures (rp-
process) or photodisintegrations.

S-process mostly occurs in AGB stars
R-process sites are controversial: neutron star mergers
vs SN I




Classical Novae

A nova is a thermonuclear explosion driven by mass transfer onto a
WD in a close binary system (P_, ~ 1 — 50 hr, mostly 3 — 4 hr).
Observed in all A’s (but detected in y-rays only at E > 100 MeV)

Moderate rise times (<1 — 2 days),
Lo ~ 104 =10° Lg
E ~ 10% ergs

output

WD + MS (often, K-M dwarfs),
WD + RG
Mass ejected: 107 — 104 Mg
(~10° km s!)
Recurrence: ~ 1 — 100 yr (RNe) to
10+ — 105 yr (CNe)
Frequency: SO*B yr~ ! (Shafter 2017)
[Obs. ~ 10 yr!]
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Nuclear uncertainties
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~7350 nuclear reaction network calculations

Main nuclear uncertainties: [18F(p,o) O, 2> Al(p,y)*®Si, 3°P(p,y)>'S]



Type 1 X-Ray Bursts

Main uncertainty: contribution to interstellar abundances?
[ejection unlikely]

Prominent emitters in X-rays [discovered in the 1970s;
Babushkina et al., Grindlay et al., Belian, Conner & Evans]

Very fast rise times (1 — 10 s), L.
o = Lpersistentﬂ‘burst ~ 100
E ~ 10% ergs (in 10 - 100 s)

~10*— 105 L

peak

Stellar binary systems: NS + MS
Recurrence time: ~ hr — days

About 100 Galactic sources discovered

-1 ol El ' a2 L} “d 'H
o (= Ilme= ’E] e =) Tl (5l

Strohmeyer & Bildsten (2002)
4U 1728 —34, RXTE
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Nuclear Uncertainties
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Supernovae: the Mother of all Stellar Explosions

* Thermonuclear supernovae (SN Ia): exploding white dwarfs in
binary systems (no remnant left)

k.

SN Ib/c): exploding massive
r black hole remnant)

* Core collapse supernova
stars (M = 10 M) (neutron

v~ 10*km/s, E~ 10°! erg, M, > Mg

6]_

SN 1994D (SNIa)
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Type Ia Supernovae — problems, challenges, & mysteries

* homogeneity: only ~70% of all SN Ia have similar spectra, light
curves and peak absolute magnitudes (L1 et al. 2011): diversity of
SNIa progenitors?

* Scenario: not understood => single degenerate (WD + MS
companion) vs double degenerate (WD + WD)

* Propagation of the burning
front: subsonic vs supersonic
(what causes the predicted
deflagration /detonation transition?)
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Solar masses

Nucleosynthesis: five burning regimes:

“normal” and “o-rich”

freeze-out from nuclear statistical equilibrium (NSE) in the inner

regions, and incomplete Si-, O-, and C/Ne-burning in the outermost
layers (Thielemann et al. 1986; Woosley 1986)
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W7 DDT W7+DDT

Nuclear Uncertainties

Reaction Importance
Case A | Case B | Case C

2C{a. )"0 X X X
2C("C,a)*"Ne X X X
12C(2C,p)*~Na X X X
*0(n, )"0 X

"%O(ar, )" Ne X

“Ne(n, v)*'Ne X
“'Ne(a, p)y'Na X X X
“Ne(a, y)*Mg X X X
“Ne(p,y)"'Na X X
“Ne(a, n)" Mg X
“Nain, ¥)*Na X

“Nala, p)y®Mg b

*Na(p, ny**Mg x
“Mg(a, ¥)™"Si X
SMg(n, y)** Mg X X
“ Mgl p.y)Al X
“...."l"[“'__"[_ll'.l.l'f:l‘“:‘j\.] X
TAl(p, ¥)*Si X
T Alla, pyUsi X X
A8, p)'P X
USi(p.y)'P b
USilar, ¥)MS b N
USi(a, n)"S X
\':P[;J.HI}:H x
“S(a, p)Cl X
. . B “S(p.n)y'°Cl X
Parikh, JJ, Seitenzahl & Ropke, “2Ca(a, y)*Ti X
A&A (2013) “Sc(p, ) “Ti X
H8c(p,m*Ti X
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1-D Hydrodynamics
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Stellar Modeling: The Art of Stellar Cooking

Ingredients: Input Physics
*EOS
*Opacities
eNuclear reactions <¢ep [nitial composition

Cooking conditions:
Initial model

e[nitial conditions
(M

star? center’ e )

Cooking devices:
Stellar codes

From C. lliadis’s web page
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“For many problems in the theory of the stellar interior the speed of numerical integrations Dy
hand iz entirely sufficient. A person can nsually accomplish more than twenty integration steps per
day for a =set of differentisl equations ... Thus for a typical single integration consisting of, say,
torty stops less than two dayvs are needed. Correspondingly, if, for example, a set of models is 1o be
determined and if these models are to be constructed of & one-parameter family starting from the
surface and a one-parameter family starting rom the core, and il each of these two families can be
represented with sufficient acenracy by, say, six individual integrations, then the entire numerical
work for this [airly typical case can be accomplished by one person in one monih, However, il
cxtensive cvolutionary model sequences including a varicty of physical complications are to be
derived, then nunerical integrations by hand may become prohibitive and the advantape of large
clectronic machines will be incontestable.”

Martin Schwarzschild, Structure and Feolution of the Stars [1958)
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12321 Models

A&A 634, A5 (20200
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Interest of multiD models: to improve state-of-the-art, 1-D
models with large nuclear reaction networks

a) “123” (or [ to 3) Models: 1D simulation of accretion and
early stages of the TNR > mapping onto a 3D domain

Outermost shell

Innermost shell
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Casanova, JJ, Garcia-Berro, Shore & Calder (2011), Nature
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[ETTER 3D Models of Mixing

doi:10.1038/nature10520

Kelvin-Helmholtz instabilities as the source of
inhomogeneous mixing in nova explosions

Jordi Casanova', Jordi José'~, Enrique Garcia-Berro™, Steven N. Shore® & Alan C. Calder”
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b) “convection-in-a-box/cube” studies: multiD simulations

c) “321” (or 3 to 1) Models: prescriptions of 3D turbulent convection

(Veony(t)s Mgyeqeeup(t)s --.) are implemented in 1D simulations to
follow the final stages of a nova (expansion and ejection)

Outermost shell

Innermost shell
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