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Nuclear reactions in astrophysics
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Nuclear reactions

Stellar evolution

Elemental
abundance

spectators

Nuclear many-body problem:
the hardest problem
of all physics!
* Interactions are complicated
* Nucleons = composite particles

Big bang

neutron
star



From laboratory experiments to neutron stars
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From bones to dinosaurs

o ;}p‘, ' Y 4 Credit: Nature Ecology & Evolution (2018)

Reconstruction of Ingentia prima from the Late Triassic (205- 210Ma) of Argentina. Total length 8-10 me...



Neutron stars
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EOS + symmetry energy
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EOS of neutron stars
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EOS & Neutron stars
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Hyperons and neutron stars

Hyperons make the EoS softer - reduction of the mass
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Tolos, Fabbietti, PPNP 112 103770 (2020)
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Hypernuclei in the lab

particle production

@coalesced

hypernuclel
3
o _atl 1 27 2(A=1)
A= A A—1 2

Particles produced coalesce
into nucleil if they are close in
space and momentum.

R = source size, rp = nuclear size
mt = transverse mass of coalesc. part.




Nucleon clusters and NA clusters in the lab

Laboratory frame Proton ./

Duer, et al.,
Nature 606, 678 (2022)
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Nuclear halos
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Tanihata et al.,
I PRL 55, 2676 (1985)
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Hypertriton halo

T, =263 ps
Tay =253+ 11(stat.) = 6(sys.) ps

Philipp Eckert, et al., EP] Web Conf. 271 (2022) 01006

https://hypernuclei.kph.uni-mainz.de
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Production & Decay of Hypertriton

Use active target to:
(a) Produce hypertriton

(b) Reconstruct hypertriton by measuring weak decay (3H » ©~ + 3He)
(c) Interaction cross section though meson decay vertex distribution

Velardita et al., _ Target

Eur. Phys.]. A 59,139 (2023) 4000E —— w/o reaction loss
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Hypertriton model

Deuteron radial s-wave, u(r)/r, and d-

wave, w(r)/r as a function of the proton-
neutron distance 7 using Av18 interaction.
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- I | | | | | |
Hypertriton model e --== 100 keV
CB, PLB 837, 137639 (2023) R -9
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A-deuteron wavefunction - Woods-Saxon, radius R = 2.5fm, diffuseness a = 0.65 fm.

u(r)/r for the s-wave and binding energies B = 100, 150, 200, 300 and 500 keV.
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Hypertriton + nucleon density
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Hypertriton destruction

T'(b) = Tp(b) Ty(b) T, (b)

Transmission probability

T;(b) = [ d*s;dz;(z;,s; — b)

= exp —apiZdez’pg(Z’,s)‘

— exp | 0Ny j iz pl (7', s)

i=A,p,orn

1.5 GeV/nucleon ;H incident on 12C, 120Sn, 208Ph
Onp = 45.8 mb

0pp = 40 mb

Opp = 35 mb




Hypertriton destruction

Transparency
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Transition from full opaque-ness to
full transparency displays changes
in the slope due to structure of the
deuteron within 7 H.
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Sensitivity to hypertriton interaction cross sections

1.5 GeV/nucleon ;H incident on '2C, 12°Sn, 208Ph

B, (keV) o;(C) o7 (Sn) o (Pb)
100 842. 2516. 3098. B, =148 + 40 keV
150 324. 2424. 2982.
200 807. 2341, 2876. | | | | |
300 783. 2220. 2721. 3000 e :
500 749. 2043. 2490. T e
r— ‘..h.*."" ------- ©
Q ~~~nl 0 T e
c 2000f -
<)
1000 4. oiig. S _—
For a C target: a 12% reduction of the
cross section o ; from B = 100 MeV | | | | |
100 200 300 400 500

to B =500 MeV.

B/\ [kEV]
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Nuclear astrophysics Baur, CB, Rebel, NPA (1986)

do 3 L dnl(EY 99) o (
dEdQ E 4 dEdQ TP
/ /

Theory

E. )

detailed balance

2(2j,+1) &

b

Thremary = (2, +1)(2. +1) kf

O

y+a—=b+c

Applications to radiative capture (n,y) and (p,y) reactions in nuclear astrophysics .



Novae, Supernovae: r-processes

S-process

rp-process

——— number of protons

r-process
28 Ni

’q

“‘ ,.

fusion up to iron

)

; l“sz

N N

P number of neutrons

Aumann, Nakamura, % 0.5 1.0 1.5 2.0 2.5 3.0

Phys. Scr. T152 (2013) 014012 Ecar [MeV] ’s



Electromagnetic response of the hypertriton

3
hypertriton ~ /n p/ e 5 ﬁ _ 16m n(E) dB(E)
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Electromagnetic response of the hypertriton

D2 = 2 g5 051 11E, DI
>
cu

Analytical model: E

CB, Sustich NE

Phys. Rev. C 46 (1992) 2340 =

dB(E) E3/? =

a5 = CVBa (E + By)* =
3 m
Emax = gBA ©

N
o

-
Ul

- Excellent agreement < 4% difference
- FSI small

-=== 100 keV -
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EM response of the hypertriton

1.5 GeV/nuc. ;H incident on '2C, 12°Sn, 208Ph

B (keV) oc(0) oc(Sn) oc (Pb)
100 22.9 1457. 3820.
150 14.9 942. 2464.
200 10.7 672. 1755.
300 7.1 438. 1142.
500 4.1 253. 656.
B (keV) o1(0) o7(Sn) o1 (Pb)
100 342. 2516. 3098.
150 324. 2424, 2982.
200 307. 2341. 2876.
300 783. 2220. 2721.
500 7409. 2043. 2490.
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EM response of the hypertriton

hypertriton ~ / n p/._cae-- >
»

--------------------

- Basis expansion for intrinsic ¢
- Eikonal scattering waves

- Nuclear + EM potentials

- Relativity

deuteron

-~
~aao
~
~ -~

OmMN™—"=—Sm>XOW~— g,

- Continuum discretization

- Coupled-channels
(relativistic CDCC)

2 CcCcz—-Hz2Z200
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Electromagnetic response of loosely bound nuclei
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Final state interactions (FSI)

3-body configurations and FSI widen
dB(E1)/dE

1 2 | | I |

dB(E1)/dE [arb. units]

40 ' I ' |

o

£

=

()

=,
N

E(I)

FSI: Different

scattering lengths,
effective ranges

CB, PRC 75, 024606 (2007)
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FSI and nn scattering length

~15.5— . . . . .
currently accepted val.
~16.0} T 1 A PLB 444,252 (1998)
65| L] ¢ | @® PRL 83, 3788 (1999)
' A B PRC 63, 014003 (2000)
_—17.0} 1 — PRC71, 044003 (2005)
£ nn scattering lentgth — (95% CL)
= -17.5} 1 PRC 73, 034001 (2006)
© _180l — | @ PRC74,014001 (2006)
' —— . PRC 77, 054002 (2008)
~18.5} + | -
_10 o | dashed: d+n~ = y+n+n
: solid: d+n - p+n+n
—_ ] 1 1 1 : 1 L . 2
19577998 2000 2002 2004 2006 2008  dotted: d+d - “He+n+n
year
9 ) & +) SHe(p,po)nn reaction in inverse
@ o kinematics at high energies
. ~
SHe Gébel, et al, PRC 104, 024001 (2021)

n



Effective Field Theory (EFT) . (Z v’ ) N oAl ( v? ) N

875 + — z@t —+
Pionless EFT 2 2Ma
(@) Momentum scales < pion mass + Addel 7d [d;NT (219) (10709) N + H.c.}
(b) Dibaryon field Aq 2
(c) Cutoff parameter A, X Ass;f-sj s [ 'NT (ir;75) (ioo) N + H. C}
(d) Simplified 3-body force H(sy,A.) 2 _
(e) Asymptotic analysis + As (u?)T up — g3 |4 (ul) AT (ioyo0) N + H.c.}

T . T :
Hildenbrand, Hammer, + A (Ul) u' — g1 _@ (ul) AT (202) N + H.C.} T e

Phys. Rev. C, 100, 034002 (2019)

3 .
—_— —=--—— - =——j=s---—- dibaryon propagator n m
T'A = 5 \ L s \ ------- = 5 f\/_ I = e

\ N /

3
S T 1 [T T
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nn scattering length

Gobel, et al, PRC 104,024001 (2021)

Halo EFT - nn configuration
in °He > E,, density

1000 — . . .

800

600

400

200

p(pnn)/ p(pnn = 0.86 MeV)

P(Enn) / p(Enn = 0.80 MeV)

LGM1 = Faddeev calculations with local
Gaussian potentials
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pp scattering lentgth

vyn charge independence violation: m_+ # mo

vyn Charge symmetry violation: mgoyy, # myy

. 0
p+d—p+p+n=>p+p scattering | * 3
Tumino, et al, _195. ¢ /
Nature Comm. Phys. 6, 106 (2023) :
~20}
3 94 HOES T

d’o — (KF) . |¢(pxs)|2 : {d UxA*bB} 1980 1990 2000 2010 2020

dQ,dQ, dE,, dE.dQ Joar

do HOES 1 . 5
() (1F(p.1) — 2Tex(p. B[ + 3|Fp. W)

dQ,,,.) 4k
F(p, k) = mye’e ™T(1 + in)(p* — ) "g(p, k)

g(p, k) = (p — k)20 £ (p 4 k) 20+

Energy differences
between mirror nuclei
small as compared to
experiment (Nolen-
Schiffer anomaly)
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pp scattering lentgth

ﬁ\IN s-wave phase shift \

-. 11
5ol p+d—p+p+n kcot6=——+§r0k
- p + p scattering a
A1
40N o =
= a,, = —18.17 + 0.6 fm 2
= pp 1 1
M N kZ + k2
Q 30 \_ a 29 %
@)
2% 4 S
Vo (R) = Voe 76 4 3N
19 vy (R) = Vye T "
g - - - disable EM - d from short-range
.0 0.2 0.4 0.6 0.8 : :
universal window
E,, (MeV) 2 /
Table 2 The effect of electromagnetic terms. Low-energy parameters with and without the inclusion of the electromagnetic
terms for the two potential models indicated.
Argonne vig w/o vEM Argonne vig w/o vEM
10,,(fm) —18.487 —18.818 Ta,,(fm) —7.806 —17.164
lr.(fm) 2.840 2.834 Le i) 2.788 2.865
Gaussian w/o vEM Gaussian w/o vEM
1a,,,(fm) —18.487 ~18.89£0.02 1a,,(fm) —7.806 ~17.19£0.03
r(fm) 2.85+0.07 2.83+0.07 T p(fm) 2.77 £0.08 2.86+0.08
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80

Pigmy resonances & Dipole polarizability

Rossi et al.
PRL 111 (2013) 242503

Wieland et al.
PRL 102, 092502 (2009)

[fm2/MeV?]

S(E)/E




Impact of pygmies on nucleosynthesis (??!)

Goriely, PLB 436, 10 (1998) (v,n) or (n,y) cross sections in the r-process
IOL’ ........
Impact: r-process abundances
IOOE :'.‘o. :
LI e o o | |©Calculation for
§10—1{ 1; S N oprs S50 * | T=10°K, N =1020cm3 r=23s
=
= 102 e Under some conditions, PDR can
_§ enhance production in some regions
2107}
=
&) 104? --®---Solar System
10-5| —__ GDR+PR
—=— GDR
10°°Ls

80 90 100 110 120 130
A

Giant dipole Pygmy dipole
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Dipole polarizability

- T T T ' 400 =
> (In) (3n) =
W 130 =
= 200 ‘ Sn I + H3o0 -
= T3 b
E : 10.1 MeV 200
=100 - L - | ,
5 QP + + * 1 100 — - 400
= T+ " - -+ 1308 ,
oL': Ll l‘.lid Ly va v by l-*-l - [ A A A A i B A I n % s 300
= [ T T T ! H 400 =
> 1 3 . = .
§ (in) ) 132 SII 4 E 10.1 MeV [/ 200
= 200 , u L 43" o
= ¢ + 100
. 9.8 MeV T 200 '
Lﬂ 100 — \ ! B 1l | L=
2 + I . 1H100
£ ‘ t i
f‘lo: L I‘.P,L ' TR A A A ’|~'|'|"' |"| [T T T N N N M N N RN .
10 15 20 10 15 20 * 1300
E [MeV] E. [MeV] N+ T
{ MeV T 200
- 9.8 Me T
Pigmy | 3
Adrich et al., PRL 95, 132501 (2005) B o
‘X 11 1 l 1 | - l | -
10 15 20

o, [mb]
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Dipole polarizability & neutron skin

' 1 ' 1 1 M 1 l(y’xni 1
o6 | ) B o i
|l tot
R , E ® Present
S L
2 0.3 | -
bm 1]
| LT
0 . | ] . 1 . 1 . ] ] " Al‘np
8 10 12 14 16 18 20
Excitation Energy (MeV)
. fic O (E)
Tamii et al., o = Y dE

PRL 107, 062502 (2011)

DY E?

BEELE,)

i

9

/

E

X

X

12 fm
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Correlation between symmetry energy & neutron skin

12 fm

0.35

Numerous EDF

L [MeV]
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Dipole polarizability & neutron skin

Reinhard, Nazarewicz,
PRC 81,051303(R) (2010)

PRL 107, 062502 (2011)

© 25} X Exp. 208D} -
£ | HEE Ref. [8] '
a 23 _
3 i _
? 21 - -
< SO NN
5 = e _
D? 17 k Tamii et al.,
5 < >
2 151 i = -
O . L | . . .
0.12 0.14 0.16 0.18 0.20 0.22
Neutron Skin Thickness (fm)
Experiment:

Arnp ~0.156 fm

EFT:
Hebeler et al.,
PRL 105,161102 (2010)

Arpp ~ 0.17 fm
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n-skin from PV e- scattering Roca-Maza, PRL (2011)

= _ g —r—r———— ASymmetry vs. n-skin
: S 1 Abrahamyan et al, >

. -~ - Ne® o0 ¥ — LincarFit, r=0.995 |
\/ \/ PRL 108, 112502 (2012) 7 4 e ¥ ©  Nonrelativistic models _

| IS ¥ ¢ Relativistic models 1
O From strong probes

) + ‘9 Howowitz et al, .
| PRC 85,032501(R) (2012) <§ e
I\O i

—

. T+ A dO-R - dO-L 7.0:_---
V' dog + doy 6.8
» 0) o0 '2.2' '(f')'o.is 03
2 GrQ“ Fy(Q Ty (M
APV(Q ) 47-[62\/51:6 (Q)

U sinton pw() = ap pen () + qn [ d37'|GE pn + GEpyp)
R, = — f dr o, (1) g, = 00721, g, = 0.0721,
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n-skin from e- PV scattering 43Ca

F(Q*) ~1-

6

l612<r2>

— — — UNEDF0
- ——- SLY4
.—--—= NL3

UNEDFI

SI

— <

48Ca

P e

dF (Q*)
dQ>

(ré) = —6

o PREX & CREX:
measurement of parity
violating asymmetry

o Determine n-skin and/or L
by comparison to
predictions from DFT

(Rn— Ro)agca = 0.121 % 0.025 fm

Adhikari et al, PRL 129, 042501 (2022)
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clei - 1 208
n-skin from e scattering <“°°Pb very large value! PREX.|
0.16
—— S 208
oaaf * e R,-R,=0.33+0.17 fm
0.123_ Interior Baryon Density
= b Adhikari et al, PRL 126, 172502 (2021)
hat E Extracted from PREX P
< 0.08 . | | - |
:‘;: - - - I I INL3 I I
£ 0.06~ o “Plane wave
© [ —p,data ch a9 | 0.85 - 208 .
0.04— -...-. 2-parameter Fermi fit ' B X i Pb Na
n Ren iRy 0.8 | NL3mO05
0.025_ Weak skin/{ ' % 0.75
radiusr [ fm | §< 0.7
0.65
NL3mO05
Ar_~0.156fm|  Dipole polarizability s T
Tamii et al., PRL 107, 062502 (2011) S

R (.fm)



Radiative capture, spectroscopic factors

Overlap function

Ilj(Tn) = (Yp=pn(&p; ) |Wp($p))

f &, |1, (r) 2 = S(U))

Spectroscopic factor

Asymptotic Normalization Coefficient (ANC)

Large r I[;,(r) = Cy U)(ucr)
g R
If Ilj(T) \/S(l])%]p (r) and <P1]p (r) - bl]h( )(lKT)
C2
then — S(lj) = b% b{; = s.p. ANC
" Lj .
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ANC

Assume cross section for A(d,p)B

(+)>

pn

o™ =|M|" <[y 1,

With the single particle approximation

0P =S o, V16,00

If the reaction is peripheral

W
1;,(r) > Cijhi? (ikr) do —(Cg‘pl,. )2(%” )2 2UZJAzd]d
dg o o belAJA

b2

Bpl, j,
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Use of ANCs

Find a peripheral transfer reaction
Measure angular distribution

Fit with a DWBA calculation
Determine ANCs

Use ANCs to calculate o gyopnysics:

Example: radiative capture reactions

b+c—>a+y

OF1 X qua‘ryl‘qu+c>‘2
/

Only tail of ¥, necessary to calculate o,

¥,.cIs rather reliably calculated in a potential model
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from mirror reaction
13C("Li,8Li)%C
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Trache, PRC (2003)
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Nucleon transfer, in general a

S, = spectroscopic factors
Q = momentum transfer

V5 = transfer interaction

(da
d()

)PWBA

~ 5a49aB deRFPWBA(R)

FPWBA(R)"’de”'HelQ rl(P )(R+T1)V1A<P )(7‘1)
A

Xan"Xap = distorted waves > DWBA
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P enhancement & Mg depletionin |

globular clusters L
Pollution by early generation stars

x|

Ex =7.141 MeV
C?S = 0.047
L=0
j=0.5
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. 10¢
not accessible due %
to Coulomb barrier L i

107'E

102

- — FR C3S = 0.009
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. —— ZR C%S = 0.011

Ex = 7.945 MeV
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j=1.5
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31P states populated with 3°Si(3He,d)3'P
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Ex = 6.842 MeV
C?S = 0.005
L=3
j=35

Oe.m (%)

Hammache (2021)
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Trojan horse method + many other indirect methods
Charge exchange

v _+Fermi motion
(before)

Applications to astrophysical A+ x 2> C +C

reactions (meson exchange)

Applications to electron

capture and v induced (double-beta decay)
A ’ reactions in stars NUMEN

Knockout reactions

Distribution of single particle strength in nuclei
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Theory for indirect methods for NA

« Optical potentials: (a) parameter quantification analysis, (b) microscopic theory

« Off-shellness: On-shell energy/momentum of extracted information not well established
for most reactions. l.e., extracted NA cross sections not the same as with free particles

* Relativistic corrections, 100 MeV/nucleon ~ 10% nucleon mass: (a) kinematics easy,
(b) dynamics difficult because of retardation, simultaneity. Problem worsens at large E,_,

« Multinucleon collisions not well assessed in knockout, (p,2p) or CE reactions

« Factorization into structure and reaction parts not consistent (e.g., different interactions,
eigen and scattering states obtained with different Hamiltonians)

 Medium effects, nuclear polarizabilities, coupled channels, too simplified

* No statistical theory exists for nuclear reactions in the nucleus-nucleus continuum
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