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Applications in Nuclear Astrophysics

v Three-body radiative capture
* Sequential

* Direct
v A=5 and A=8 gaps

e Production of '2C, °He, °Be
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Complex Scaling Method: All the radial coordinates are rotated into the complex plane
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As soon as 0>0 , the resonance wave function dies exponentially
As a bound state!!!
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Complex Scaling Method: All the radial coordinates are rotated into the complex plane
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The large distance part of the wave function contains the information
about how the three-body resonance decays
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v Decay of three-body resonances and Energy Distributions
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The large distance part of the wave function contains the information
about how the three-body resonance decays
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v Decay of three-body resonances and Energy Distributions
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v Three-body radiative capture. The A=5 and A=8 gaps.
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v Three-body radiative capture. The A=5 and A=8 gaps.

Life Cycle

of the Sun Now Red Glant Planetary Nebula
Gradual Warming

White Dwarf ...

v

Birth 1 2 3 4 5 6 7 8 9 10 11 12 13 14

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

In the early stages of the life cycle the source
of energy is the hydrogen nuclei

The pp-chain transforms four protons into ‘He

‘\.\E. Garrldo, Weakly LUUIIUD Dy OLCTIID 1L MLVILITY WU INULvICWU | ll;aluo, vcawic,; v vl |v|aI'Ch, 2010 -




Applications in Nuclear Astrophysics

v Three-body radiative capture. The A=5 and A=8 gaps.

Life Cycle

of the Sun Now Red Glant Planetary Nebula
Gradual Warming

White Dwarf ...

v

Birth 1 2 3 4 5 6 7 8 9 10 11 12 13 14

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

In the early stages of the life cycle the source
of energy is the hydrogen nuclei

The pp-chain transforms four protons into ‘He

1 1

The core accumulates 4He

‘\.\E. Garrldo, Weakly LUUIIUD Dy OLCTIID 1L MLVILITY WU INULvICWU | ll;aluo, vcawic,; v vl |v|aI'Ch, 2010 -




Applications in Nuclear Astrophysics

Life Cycle

of the Sun Now Red Giant
Gradual Warming

White Dwarf ...

Planetary Nebula

-
Birth 1 2 3 4 5 6 7 8 9 10 11 12 13 14

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

v Three-body radiative capture. The A=5 and A=8 gaps.

In the early stages of the life cycle the source
of energy is the hydrogen nuclei

The pp-chain transforms four protons into ‘He

1 1

The core accumulates 4He
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Life Cycle

of the Sun Now Red Glant Planetary Nebula
Gradual Warming
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In Billions of Years (approx.) Sizes not drawn to scale

v Three-body radiative capture. The A=5 and A=8 gaps.

In the early stages of the life cycle the source
of energy is the hydrogen nuclei
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All the A=5 nuclei are particle
unstable

Production of heavier nuclei requires to
skip the A=5 and A=8 gaps
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v Three-body radiative capture. The A=5 and A=8 gaps.

Planetary Nebula

Sizes not drawn to scale

L] .
White Dwarf ...

13 14

8Be is

of energy is the hydrogen nuclei

In the early stages of the life cycle the source

unbound

The pp-chain transforms four protons into ‘He

1 1

The core accumulates 4He

1 1

All the A=5 nuclei are particle
unstable

When the hydrogen fuel is exhausted
the nuclear reactions in the core stop

Production of heavier nuclei requires to
skip the A=5 and A=8 gaps

L 1

The gravitational collapse of
the core raises the temperature

1 1

The fusion of the external
layers begin: Red giant phase
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v Three-body radiative capture. The A=5 and A=8 gaps.

Life Cycle The A=5 and A=8
of the Sun . Gradual Warming " ga‘ps are bridged! ! !
loooooo... .. — -
Birth 1 2 3 4 5 6 7 8 9 10 11 12 13 14
In Billions of Years (approx.) Sizes not drawn to scale
8Be is
: bound
In the early stages of the life cycle the source o
of energy is the hydrogen nuclei
: . r
The pp-chain transforms four protons into ‘He
1 All the A=5 nuclei are particle
The core accumulates *He unstable
| When the hydrogen fuel is exhausted Product19n of heavier nuclei requires to
: . skip the A=5 and A=8 gaps
the nuclear reactions in the core stop

The gravitational collapse of

8
the core raises the temperature er;en T~10°K
[ a+a+a—"“C+y is relevant!!!

The fusion of the external
layers begin: Red giant phase

\¢. Garrldo, Weakly DUOOTTOS Oy STCTTTS ITT 7 WWOTTC coTa rvaorear 1 ll;aluo, Jcoatwac, U OUr 1v al'(_:h, 2010 P AT




Applications in Nuclear Astrophysics

v Three-body radiative capture. The A=5 and A=8 gaps.

| The a+a+a—'*C+vy reaction

/// ’Be has a very low lying

| s-resonance (~92 keV) and
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v Three-body radiative capture. The A=5 and A=8 gaps.

The a+a+a—'*C+vy reaction

// ’Be has a very low lying

| s-resonance (~92 keV) and
very narrow (a few eV).

1 13.047 20 (].) 87 —I_ o — SBe _|_ P)/

-0.09189

“He +*He

*Be

This fact suggests to understand the triple a reaction
as two consecutive two-body processes.
Sequential process

arrido, Weakly Bouna ems in Atomic and Nuclear Physic. eattle, 8" of March, 2010 —
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v Three-body radiative capture. The A=5 and A=8 gaps.

The a+a+a—'*C+vy reaction

// ’Be has a very low lying

S 3 s 114

/ s-resonance (~92 keV) and
very narrow (a few eV).

(2) ®*Be+a — 2C+7y

10,8444t =
0.3 (0%)
9.04 -
| 3 1, .04 >0 (]_) @7 —I_ a — SBe —|_ P)/
7.6542 0 7.2666 009189 g
8 “He +*He ~
Be ta *Be
¥ia
4.4389 2"

This fact suggests to understand the triple a reaction
as two consecutive two-body processes.
Sequential process
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v Three-body radiative capture. The A=5 and A=8 gaps.

The a+a+a—'*C+vy reaction

// ’Be has a very low lying

S 3 s 114

/ s-resonance (~92 keV) and
’ very narrow (a few eV).

(2) ®*Be+a — 2C+7y

10.84 54551 7=

0.3 (0%)

9.604 -
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Be ta 5Be
m
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This fact suggests to understand the triple a reaction
as two consecutive two-body processes.
Sequential process
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Life Cycle of a Star
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Red Giant Planetary Nebula
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-
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Stellar Nebula . . . \

Massive Star

Red Supernova
Supergiant P Elack Hole
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Massive Star

Red Supernova
Supergiant P Elack Hole

Stars with M~10M =Hot bubble as a remnant
of the supernova explosion

Hot bubble: rapidly expanding matter with a
significant neutron excess and T ~ 7-10 GK

Ideal site for the r-process to take place
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Life Cycle of a Star

Applications in Nuclear Astrophysics

v Three-body radiative capture. The A=5 and A=8 gaps.

. . - »
. o A White
Dwarf

In this scenario other reactions
can play a role in the bridging
of the A=5 and A=8 gaps

Red Giant Planetary Nebula

: “*
-
/' Meutron Star
Stellar Nebula . . . \ _

Massive Star

Red Supernova
Supergiant P Elack Hole

a+a+n—Be+n
a+n+n— He+ v

He (a+n) has a rather broad

Stars with M~10M =Hot bubble as a remnant

of the supernova explosion

p-resonance

It is not obvious that a

Hot bubble: rapidly expanding matter with a
significant neutron excess and T ~ 7-10 GK

sequential description is
appropriate

Ideal site for the r-process to take place

- . - .
“E. Garrido, Weakly Bounds Systems in Atomic and Nuclear ths:cs, Seattle, 8" of March, 2010

A method including sequential
and direct capture is desirable!!!
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a+a+a— 12C+~| |Whatis the production rate for the different
reactions in the stellar medium??

a+mn+n— SHe+~

9 How many reactions per unit time
a+a+n—"Be+ry and per unit volume??
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a+a+a— 12C+~| |What is the production rate for the different
reactions in the stellar medium??

a+mn+n— SHe+~

9 How many reactions per unit time
a+a+n—"Be+ry and per unit volume??

a+b+c—d+ Y Radiative capture process

FaT " J BBl T dE

n (me NP2 2 Q[
Pabc(p,T)Znanbnc (m —I—mb—l-m) ( T

c? Mg MpM,

| d is a bound state of a,b, and c

Q:md_ma_mb_mc
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v Three-body radiative capture. The A=5 and A=8 gaps.

a+a+a— 12C+~| |What is the production rate for the different
reactions in the stellar medium??

a+mn+n— SHe+~

a+a+n— Be+ vy

How many reactions per unit time

and per unit volume??

a+b+c—d+r

Mg + Mp + Mg
MaMpMc

hS
Pabc (pa T) = NgMNpNc 2 (

Radiative capture process

32 o Q[ __B_
) RaTe" KpT E?0., 4(E)e” ¥sTdE

KpT)? Q|

Three-body continuum
wave function

Three-body bound state
wave function

B(EMI; — nlf) = @\4
p, My

|IZ,M B Mu(EX) = e Zir} Yy u(7:)

'\,E. Garrido, Weaklz Bounds Sﬁtems in Atomic and Nuclear Physics, Seattle, 8" of March, 2010 go—
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v Three-body radiative capture. The A=5 and A=8 gaps.

a+a+a— 12C+~| |What is the production rate for the different
reactions in the stellar medium??

a+mn+n— SHe+~

9 How many reactions per unit time
a+a+n—"Be+ry and per unit volume??
a+b+c—d+ Y Radiative capture process

Mg + Mp + Mg
MaMpMc

32 o Q[ __B_
) RaTe" KpT E?0., 4(E)e” ¥sTdE

hS
Pa c 7T — lig c
b (p ) NgMpN ( KBT)3 0]

2

| e.g., for °He, the electric dipole contribution requires the continuum 1~ states

The continuum spectrum is discretized by solving the equations
with a box boundary condition.

B(ENI; — nly) = @\4 |IZ,M B Mu(BN) = e Zr2Ya (7o)
/,L,Mf 7
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v Three-body radiative capture. The A=5 and A=8 gaps.

a+a+a— H2C+ry

What is the production rate for the different

reactions in the stellar medium??

P(p, T) =ngnyn .R(T)

E2-transition

(U
()

[E—
S,
(S
(e
LB

N, <R(E)> (cm’s 'mol”)
S

0= 2; BE|

e NACRE, NPA 656 (1999) 3
= W.A. Fowler, ARAA 13 (1975) 69

15

'\,E. Garrido, Weaklz Bounds Sﬁtems in Atomic and Nuclear PthicsI SeattleI 8" of MarchI 2010 go—

S T;
T (GK)




Applications in Nuclear Astrophysics

v Three-body radiative capture. The A=5 and A=8 gaps.

a+a+a— 2C+~| |What is the production rate for the different
reactions in the stellar medium??

P(p, T) =ngnyn .R(T)
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v Three-body radiative capture. The A=5 and A=8 gaps.

What is the production rate for the different
reactions in the stellar medium??

P(p, T) =ngnyn .R(T)
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v Three-body radiative capture. The A=5 and A=8 gaps.

a+mn+n— SHe -+~

What is the production rate for the different
reactions in the stellar medium??

P(p, T) =ngnyn .R(T)
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reactions in the stellar medium??
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v Three-body radiative capture. The A=5 and A=8 gaps.

What is the production rate for the different
reactions in the stellar medium??

P(p, T) =ngnyn .R(T)
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v Three-body radiative capture. The A=5 and A=8 gaps.

a+a+a— 2C+~| |What is the production rate for the different
reactions in the stellar medium??

P(p, T) =ngnyn .R(T)
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v Three-body radiative capture. The A=5 and A=8 gaps.

a+a+a— 2C+~| |What is the production rate for the different
reactions in the stellar medium??
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Three-body Resonances and Applications in Nuclear Astrophysics

Three-body Resonances

v Hyperspherical Adiabatic Expansion Method

xBound states: Fast convergence in terms of adiabatic channels
xScattering states: Clean distinction between different open channels
Also fast convergence when combined with integral relations

¥Resonances: As for bound states when combined with complex scaling

'\,E. Garrido, Weaklz Bounds Sﬁtems in Atomic and Nuclear PthicsI SeattleI 8" of March, 2010 s i ——
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Three-body Resonances and Applications in Nuclear Astrophysics

Three-body Resonances
v Hyperspherical Adiabatic Expansion Method

v Resonances and the Complex Scaling Method

v Decay of three-body resonances and Energy Distributions

Applications in Nuclear Astrophysics

v Three-body radiative capture
* Sequential

* Direct
v A=5 and A=8 gaps

e Production of '2C, °He, °Be
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i Three-body Resonances and Applications in Nuclear Astrophysics

THE END

R. de Diego and C. Romero Redondo, Madrid, Spain
D.V. Fedorov and A.S. Jensen, Aarhus, Denmark

R, Alvarez Rodriguez, Madrid, Spain

INFN A. KievsKy and M. Viviani, Pisa, [taly

TCL P. Barletta, London, United Kingdom
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