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Riassunto del corso:

. teoria del momento angolare: fondamentale per la
costruzione della funzioni d’onda

. teoria perturbativa dipendente dal tempo: calcolo
della sezione d’urto (e fattore astrofisico)

. funzioni d’onda: stati legati (d, *He, 3H) e stati di
scattering (pp, np, pd, nd)

. reazioni considerate: p+p—d+e +v, e ntp —d+y



Campi d1 applicazione:

* Big Bang * Produzione solare di
nucleosynthesis (BBN)  energia attraverso una
catena di reazioni
nucleari



Big Bang nucleosynthesis (BBN)

(naive picture)

. Step 1 (kT<few MeV): 11 key nuclear reactions,
thermal eq.; n/p~1 among which:

. Step 2 (kT~0.7 MeV): weak . ntp—odty
int. freeze-out, n/p~1/6 . p+d —3He+vy
—1/7

. ‘H+a — "Li+ Y

. Step 3 (kT~0.5 MeV):

nuclear reactions, which Heta — ‘Be+vy

form d, *He, “He, 'Li . '‘Betn — 'Li+p



Abundances

FETTTT]

||llﬂ|| |[|I|II| IIII|I||| AL

Il

1| IIIIIll

M | IIIIII|

|

Critical density for
H,=65 km/s/Mpe

L

|

Ill!!llll lIIIIIlII lllllIIJ Illllllll L1t

‘I’Illll| lJllIIIJ JIIIIIIII [

001

Schramm&Turner, RMP 70, 303 (1998)

3 |

0O.h

2

.|

1



Solar neutrinos: pp chain

ptp — dtety, ptpte — dtv,

*He+°He — *He+ptp p+3He — *Hete+v,

v
‘He+*He — "Bety
A/ \

'Bete”— 'Litv, '‘Bet+p — Bty

| l

. 8 4 4 +
7L1—|—p —> 4He—|—4He B — "He+"He+te +Ve



www.sns.1as.edu/~jnb
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The SuperKamiokande (SK) experiment

Elastic scattering
Vte > VvVte

Sensitive to all the v, but
in fact particularly to v,
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Total Hales: Standard Mode] vs. Experiment
Bahcall-Pinsonneault 2000
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Observatory (SNO)

The Sudbury Neutrino
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Neutrino interactions in D,0O

Charged Current Reaction (CC):

Neutral Current Reaction (NC):

neutrino




Total Rates: Standard Model vs. Experiment
Bahecall-Pinsonneault 2000
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Key ingredients of the ab initio
“microscopic’ calculation:

G~ |Vﬁ|2 — |<f| V | i>|2 A/known
V=], JH o<tV ]i>=<f-lep| ], [1-lep>

+ <f-hadr| J* [1-hadr>

1.Realistic description of |[1-hadr> and |f-hadr>:

realistic Hamiltonians + accurate techniques
(HH method)

2.Realistic description of J*: realistic model for the
nuclear electroweak transition operator



Realistic Hamiltonian

H=T%) v+ 0. Vi

v

non-relativistic NN potential: three-nucleon interaction:
kinetic energy AV18 Urbana IX



A=3-7 binding energies

AZ(JWT) CHH VMC GFMC  E=xpt

HEAT; L) 8479 B.227(6)  BAS1(6)  8.482
He( ;1) 7.750 7.476(6) T.708(6) 7.718

‘He(0+H;0) 27.839 2740(3) 28.31(2) 28.30
fLi{1+; 0) 28.05(5) 31.25(8) 31.99
Li(d7; 1) 3307(7)  37.5(1) 3924
Li(17; 1) 33.13(7)  37.6(1)  38.7%
Be(3 ;1) 31.49(7)  35.9(1) 3760
"Be(z ;1) 31.58(8) 35.9(2) 3717




Pieper&Wiringa, Ann. Rev. Part. Sci. 51, 53 (2001)
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Figure 4: VMC and GFMC energies using AV18/UTX compared to experiment.
Black dashed lines show the indicated breakup thresholds for each method. The
Monte Carlo statistical errors are shown by the light blue and yellow bands.
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Electroweak nuclear transition operator

FElectromagnetic sector: Weak sector:
charge and current operators vector charge and current
operators

axial charge and current
operators

Conserved vector current hypothesis —
weak vector operators from the EM ones
with a rotation in the 1sospin space



Electromagnetic current operator

Realistic model: the e.m. current must satisfy the current
conservation relation (CCR) with the Hamiltonian
H=T +Zij Vit i<j<szjk

one-body current

e

two-body current }

three-body current ooe

Similar situation for the axial current operator



Gauge 1invariance and CCR

8pg;”f)w-J(r,t):o

J(q):jdxexp(i qgx)J(x)=>V-J >iq-J(q)

Z—f—)—i w[H  p)

= q-J=[H,p]
H=T+V

= q-J =T, pk|V,p]
J=Ji+J2—>

Q'JIZ[T,IO] QJ2:[V,,O]



n+p—d+y radiative capture at thermal energies

Total cross section [mb] for np radiative capture (AV18):

One-body 304.6
Full 332.7

Expt. 332.6(7)



pip —>dte” +v,

S(E) = F O(D e2nZZg alv
S(E) ~A(E)’

Square of the overlap infegral A(E = () for two modern NN interaction models.
NNmodd  AV1S CD-Bom

K (me-body) 6965 6,983
M) T 06

Schiavilla et al., PRC 58, 1263 (1998)



H. A. Bethe and C. L. Critchtield:
Phys. Rev. 54, 248 (1938)

TanLe 1. Numerical resulls for fwe values of bhe radius,

o =& mec? Fo—g L ayod

X [.645 0.122
Va i Mev) 20,5 G h
I [ Mev) 1.3 47.0
M 2.4 5.43
b 2.18 4. .65
{rd log w/dr) 0,236 (.1 14}
PlFal 1.0:50) 1.0025
1 rg) 7009 . 8254
(rd log @ dr) 0. 050 G025
i 0.314 DO S
& 2.43 4. 841
Ay O8G 0,277
Aa 1.94G £ 547
My 1205 1030
(1L ag)f] - ut) 1.835 1.367
A 2.ad 2,414

5.03%

At B.0E

1 Breit, Condon and Present, Phys. Rey, 50, 825 {193a),



n+d — °H +y

Total cross section [mb] for nd radiative capture
(AV18/UIX):

One-body 0.227
Full 0.556

Expt. 0.508(15)
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p+d — *He +y
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p+d — *He +y
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— - |b Ec_m_=3_33 MeV
— 12k L L L l[:|.4_|||||||||||||||||_ 0
—  1b+2b+3b - - -
15F - 03p
= ] = 0.05
ola, || — A}. 0.2 1T,
- _ -0.1
05— — 0.1
_ i *
D | | (| | (| | L1 | L1 | | D (| | (| | (| | | ITI ] | |
0 30 60 90 120150 180 0 30 60 90 120 150 180
6, ldeg] 6, [deg]
D.‘:I' 11 | 11 | 11 | 1 | 1 | | I_ {:l..q' 11 | 11 | 11 | 11 | I 1 | I 1 D.GE
0.2 T
”~ 0 ]
- \
Ty 0 1 N
/ ']
0.2 ‘i‘|—_ N\
"}.4 _I 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 |‘|_ 1 1 | 1 1 | 1 1 | 1 1 | | | |

0 30 60 90 120150 180

Hc.m_ [deg]

-0.4 -0.04
0 30 60 90 120150 180
Elc_m_ [deg]

0 30 60 90 120 150 180
E'.;:.m_ [deg]

0 30 60 90 120 150 180
Elc_m_ [deg]




p+’He — “He+e'+v : the hep reaction
® SSSMQS = 2.3 ><10_20 kel b
o New calculation (Marcucci et ai., PRL 84, 5959
(2000); PRC 63, 015801 (2001)).
1. § (10 keV) = 10.1 x10729 keV b

2. NO Cc.mM. energy dependence

3. no Hamiltonian model dependence (if
H reproduces accurately the initial and
final state w.f.'s)

4. importance of the P-waves (40%)

5. importance of MEC (A)

o SSM revisited (mahcall et at., Astr.J. BE5, 990 (2001))
Sssmoo = 10.1 x10720 keVv b
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‘H+ a— ‘Li+vy and °He+ o — ‘Be+y

3He(()c,,'y)?B c

A 3H(c:)c,,')()?Li X2

-

2.5



‘Be+e—> 'Li+v, and ‘Be+e —> 'Li* +v,

Gamov-Teller matrixz elements for A=3,7 nuclei.

CHH YMC

IA  Full 1A Full  Expt
‘H »'He 1597 1658  1.602 1.653
Be —Li 2.345(3) 2.419(5) 2.599
Be o7Li* 2142(2) 2.20003) 2.323

Marcucci et al., Nucl. Phys. A777 (2006)



Conclusions and outlook

. Nuclear reactions of astrophysical interest are an
1mportant field of research for nuclear theory

—  \

can be tested provides inputs

. Further investigation and comparison with
experimental results (electron scattering)
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