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Outline of the talk

- Gravitational waves, Black Hole mass gap, and “C(a,y)°0
* Cluster EFT for the a-12C system

» Elastic a-1%C scattering at low energies

* B delayed a emission from 16N

« S factors for E1 and E2 transitions of %C(a,y)°0 at E; = 0.3
MeV

e Results and discussion



Gravitational waves

* LIGO-Virgo-KAGRA (LVK) collaboration reported over 350
total compact mergers

« Roughly 90-95%, Binary Black Hole (BBH) systems




BH mass spectrum
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Figure 1. Illustration of a single-star BH mass spectrum.



Pair-instability mass gap

A key observable: Pair-Instability mass gap
For the stars with a helium core about 34-64 Mg
1. Pair production (y -» e~e™) and softening, core collapse
2. Explosive carbon burning (with a high fraction of 14()
-Pulsation Pair instability (PPISN) - small BH
-Pair Instability Supernova (PISN) = no BH in 50-130M

* The lower edge of the gap is sensitive to the C/O ratio of the
carbon/oxygen core due to the reaction rate of 12C(a,y)°0



The S factor and the mass gap

 Values of S factor (Gemini)
-- Small 100 to 120 keV b (with 40 to 45 M)

-- Standard 140 to 160 keV b (with 45 to 50 M)
-- Large 180 to 220 keV b (with 55 to 60 M)

 Recently, the S factor is deduced from the LOGO-Virgo-KAGRA's
fourth Gravitational-Wave Transient Catalog (GWTC-4) with a lower
boundary of 44+5-4 My, as

S = 260+190-108 keV b



Reported values:
S factor of
12C(C¥, )/)160

deBore et al, RMP(2017)

S(300 keV) keV b

Ref. E1l E2 Cascades Total Model
Cluster Models
Desconvemont ef al. (1984) 300 90 GCM
Langanke and Koonin (1985) 160-280 T <1 230-350 HRLEPM
Funck et al. (1985) 100 PM
Redder et al (1987) 1401220 B0L25 743 1.34051 REPM
Descouvemont and Baye (1987) 160 T0 GCM
Ouellet et al. (1902) i 4047 REPM
Descouvermnont (1993) 90 GCM
Ouellet ef al. (19406) TOL16 646 120440 R.K PM
Dufour and Descouvemont (20008) 4242 GCM
Katsuma (2012) =3 150532 1n+e PM
Xu et al. (2013) (NACRE2) BL18 G119 14827 PM
Phenomenological Fits
Burbidge et al. (1957) 40 ESTL BW
Barker (1971) Sl-430 50-330 R
Koonin ef al. {1974) 8050 g0t50 HR
Dver and Barnes (1974) 140+140 140140 RLEHR
Weisser et al. (1974) 170 170 R
Humblet et al. (1976) T goLe K
Kettner ef al. {1052) 250 180 12(2)= 420+% BW
Langanke and Koonin (1983 ) 150 or 340 <4% of E1 150 or 340 HR
Barker (1987) 150430 K R
Kremer et al. (1988) (-140 REHR
Filippone et al. (1989) 0-170 528 (-170 K
Barker and Kajino {1991) 1507170 or 260 12050 10° 1-2¢ 250+ 50 or 2004350 R
Humblet ef al. (1991) 43+ rff::*: 50430 K
Humblet et al. (1993) 457% K
Azuma ef al. (1994) TOL21 or B21L26 RLEK
Buchmann et al. (1996) TO+21 TOLETO 162164 16575 RLK
Hale (1997) 20 R
Trautvetter et al (19497) T 14.5 BW
Brune ef al. {19949) 1014+17 az+ie R
Roters ef al. (199%9) 79121 R
Angulo and Descouvemnont (2000) 190-220 R
(Gialanella ef al (2001) 82416 or 24410 R
Kunz ef al. (2001) Th20 B254330 44" 165500 R
Tischhauser et al. (2002) p3+13 R
Hammer et al. (2005b) TT+17 LIE S 162439 R
Buchmann and Barnes {2006) ; R
Matei et al. (2006) R
Matei et al. {2008) R
Tang et al. (2010) B6122 R
Schiirmann ef al (2011} <1® "
Schirmann ef al. (2012) LR | 734 4.4" 1111:1!],,,:11-,:;.:”“-, R
Oulebsir ef al. (2012) 100£28 S0+£19 17540 R
Sayre et al. (2012) 62+2 R
. e LOG20.30 or 4.36£0.45*
Rl ocnk (110} 0.12£0.04 or 1.4440.12" -
An et al. (2015) 98.0+7.0 atitd. 1 BT+1.8° 162.747.3 R
this work 86.3 45.3 ™ 14021 ey o) R




Nuclear theories

* Nuclear structure

-- Mean field theories

-- Ab initio calculations (with chiral nuclear forces)
* Nuclear reaction

-- Breit-Wigner formula

-- R-matrix theory

-- Potential models

-- Effective field theories



EFT for *2C(a,y)1°0 at E; = 0.3 MeV

* A targe energy, E; = 0.3 MeV
its momentum scale, Q = \/2uE; = 40 MeV
its length scale, Q7! = 4.8 fm
* A separation scale, the energy difference of p-1°N and a-1%C
AE = 1213 —-7.16 = 4.97 MeV
its momentum scale, Ay = \/2uAE = 160 MeV

* The perturbative expansion parameter, Q/Ay = 1/4

 Construct the effective Lagrangian and calculate reaction
amplitudes including Coulomb interaction non-perturbatively



Level diagram of 1¢0
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S matrices of the elastic scattering

* S matrices for | = 0,1,2,3,4,5,6,
 Accurate measurement reported by Tischhauser (2009)
« Bound and resonant states of 10

[ | (Bound states) 2.6 MeV < E, <6.62 MeV, 6.62 MeV < E,
0 05 05 05
1 17 1, 13
. 2F 2f, o &
3 3y 3 33
4 47, 4F 43
5 51
6 (bg) 61

« Effective range expansion
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S matrices and effective range expansion of the Just function
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Elastic a-1%C scattering at low energies

* Vertex functions and propagators from effective Lagrangian
* Feynman diagrams
-- Dressed 10 propagators
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S matrices and scattering amplitudes

« Scattering amplitudes

(bound states) c? — ik

exp(2mn) — 1’

52

C2Wi(p) Wip) (——I—p2) Wis(p), Wolp) =1,

Al(bs) _ |
Ki(p) — 26H(p)

l2
Hip) = Wip)H®), H(n)=w(z‘n>+%—1og(m),

1 1 1 :
KI(P) = —a—l + 57“!232 — Zplp4 + le6 — Rlpsa



S matrices and scattering amplitudes

* Scattering amplitudes w1 1T (E)
[ - . )
(resonant states) p E — Eriy + Ry (E) + 5T 13 (E)
pC;Wi(p)
CaalBy = Tagig—2 ,
@) E) ) p,.C2 Wi(p,)

Ruy(E) = au)(E — Eray)® + buy(E — Erwy)®,

S matrices

Q20 _ Ki(p) — 2k ReHy(p) + ipC;Wi(p) 1 E — Ergi) + Rui)(E) — 1501 (E)
Ki(p) — 26ReH,(p) — ipC2Wi(p) *;* E — Erqs) + Ruiy(E) + 150wy (E)

1



Formalism of the elastic scattering

* S matrices for the elastic scattering for 1=0,1,2,3,4,5,6
* 4 parameters for each bound and resonant states of 1°0

« Parameters fitted to the accurate phase shift data up to the
p-1°N breakup reported by Tishchhauser et al. (2009).
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B delayed a emission from 16N

* Beta decay from nitrogen-16
Nitrogen-14,15: stable nuclei
Nitrogen-16 decays through Gamow-Teller transition
from 27 ground state to some states of oxygen-16.
half-lifetime 7.13 + 0.02 sec
* Beta delayed alpha emission from nitrogen-16
1N 5> e +v+ a+ '%C
branching ratio, (1.59 4+ 0.06) x 107>
p- and f-waves dominant for alpha and carbon-12 system
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Formalism e v )
» Diagrams ---M: @ -l&-&;@
(& b

« Reduced amplitudes

2 B DTV E

A, = ct=1 4 pt=nZ_ g
R * @2 Ki(p) - 2:Hi(p)
('*r['r-z:ﬂ

Ay = =3 4 ‘b

Ks(p) — 26Hs(p)



Numerical results

 Beta delayed alpha energy distributions from nitrogen-16

| Azunﬂa et él. daté
Our result

" Tang et al data ——
Qur result
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e Fitted parameters

Exp. data set Azuma et al. Tang et al.

C (MeV™") 7.2(4) x 10° 4.22(7) x 10°
CI=Y (MeV™2) | —69(2) x 1072 —9.46(5) x 1073
D=1 (MeV—2) 2.61(9) 3.36(3)

DY (MeV) | —2.55(2) x 10°  —2.297(4) x 10°
CI'=% (MeV?) | —2.65(5) x 1077 —2.46(1) x 1077
x* /N (N) 4.06 (91) 3.56 (93)

where {"™" and €' are fixed by branching ratio of the beta
decay.



E1 and E2 transitions of “C(a,y)1°0

« Some iIssues:

 E1 transition is suppressed between the iso-singlet states of
initial and final states.

« Asymptotic normalization coefficient of the sub-threshold 27
state deduced from the effective range parameters of elastic
scattering is significantly smaller than those deduced the
transfer reactions.

e Large cancellations between the counter terms and loop
contributions.



E1 transition of 2C(a,y)%0

* Feynman diagrams
-- Five parameters

N \:y’ N . . \
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E1 transition amplitudes

X&R = 2OT(1 + 5/7)
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Sgq (keV b)

Sr, factor of %C(a,y)*°0 at E,

100

10 ¢

| Exp. data ——
Fitted curve
Our result

htY =2.67 x 10* MeV3
y(© =0.260 MeV ~1/2
x?/N = 1.73

SEl — 59 i 2 keVb at EG



ANC of subthreshold 27 state of 1¢0

A problem
-- Effective range parameters from elastic scattering for | = 2
|C,], = (2.41 4+ 0.38) x 10* fm~1/2
-- Deduced from the a-transfer reactions, 2C(°Li,d)°0
ICy], = (11.1 + 1.1) x 10* fm~1/2
-- About a factor of five difference




Inverse of dressed °0 propagator, D, (E)

x 108

0.0 \ .............. -- Two ANCs
-03 |Cply = 3.24 X 10* fm~1/2

ar) ICyl, = 22.8 X 10* fm~1/2

5 -- Both the lines reproduce

= the phase data for |=2 well.

E -20 -- The phase shift data cannot
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E2 transition of 2C(a,y)°0

* Feynman diagrams
-- Five parameters

N \:y’ N . . \
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E2 transition amplitudes
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SEQ (k()V]))

S, factor of %C(a,y)*°0 at E,
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-- Small ANC
¥?/N = 1.55

-- Large ANC

SEZ — 81t%9 keVb at EG
¥?/N = 1.25

-- ANC fixed by Transfer reactions
Sg, = 42713 keVb at Eg
¥2/N = 1.18



Results and discussion

« We obtained the S factor at E;, Sg145, = 101 £+ 14 keV b.

* In the fit, a small error bar and a large y* value for Sg4,
and a large error bar and a small y# value for Sg,

» Different fitted values of y(® in the E1 and E2 amplitudes,
the ANC of the ground state of 10, the aC0O vertex function

* The large cancelations between the counter terms, hg) and

héz), and the contributions from the loops are observed.
* New data will be taken by JUNA in the future.



