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Nuclear Clustering is found throughout the mass chart.
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Figure adapted from W. Catford.

• Emergent phenomenon 
where substructures are 
formed within a nucleus.

• Appears throughout the 
mass chart but is most 
prevalent in light nuclei.

• Alpha particles play a major 
role due to large binding 
energy.
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Cluster states throughout the energy spectrum.
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Cluster states strongly 
influence reac1on rates

4He

8Be*
(10-16 s)4He

12C

4He

g

g
4He16O

“Not only important for the development of the chemical building blocks of life but also for the entire 
scheme and sequence of nucleosynthesis events as we imagine them now.” (2015 LRP)
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We need reliable theory to es0mate the S-factor 
at stellar energies
§ Direct measurements at 300 keV 

(helium burning conditions) so 
far impossible

§ Major hurdle in precisely 
determining carbon-to-oxygen 
ratio produced in stars, 
introduces large uncertainties in 
stellar-evolution models and in 
the predictions of stellar 
nucleosynthesis

??
4He+12C fusion

Figure adapted from 
C. Ugalde et al., PR12-15-005 
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For a complete ab initio description we need both structure…

• This picture works fine for well-
bound states.

• An increase in the number of 
allowed excitations encompasses 
more many-body correlations 
(lower variational energy). 

• Each increase comes with an 
order-of-magnitude increase in 
computational effort.

• No coupling to decaying states is 
considered. (Though check out 
Phys. Rev. C 98, 044624)

Configuration Interaction
No Core Shell Model (NCSM)

N = 0
<latexit sha1_base64="bRGYmM3PGtG9BgauyqRa9Bdh/q8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXiSCqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjsrq2vrG5uFreL2zu7efungsKGTTDH0WSIS1QqpRsEl+oYbga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVW8u/JNXG7pbJbcWcgy8TLSRly1Lulr04vYVmM0jBBtW57bmqCMVWGM4GTYifTmFI2pH1sWyppjDoYz46dkFOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2hC8xZeXSaNa8c4r1YeLcu0mj6MAx3ACZ+DBJdTgDurgAwMOz/AKb450Xpx352PeuuLkM0fwB87nD0P/jas=</latexit>

N = 1
<latexit sha1_base64="oV3G4HSuf29FDymN/333Qz1cVb8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXiSCqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjsrq2vrG5uFreL2zu7efungsKGTTDH0WSIS1QqpRsEl+oYbga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVW8u/JNfG6pbJbcWcgy8TLSRly1Lulr04vYVmM0jBBtW57bmqCMVWGM4GTYifTmFI2pH1sWyppjDoYz46dkFOr9EiUKFvSkJn6e2JMY61HcWg7Y2oGetGbiv957cxEV8GYyzQzKNl8UZQJYhIy/Zz0uEJmxMgSyhS3txI2oIoyY/Mp2hC8xZeXSaNa8c4r1YeLcu0mj6MAx3ACZ+DBJdTgDurgAwMOz/AKb450Xpx352PeuuLkM0fwB87nD0WDjaw=</latexit>

~!
<latexit sha1_base64="EAOiveVD0d3NI7sP1mtwcPEz9Dw=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoxWME84DdJcxOOsmQeSwzs0JY8hlePCji1a/x5t84SfagiQUNRVU33V1Jypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZmm0KKKK91NiAHOJLQssxy6qQYiEg6dZHw38ztPoA1T8tFOUogFGUo2YJRYJ4XRKCE6UgKGpFep+jV/DrxKgoJUUYFmr/IV9RXNBEhLOTEmDPzUxjnRllEO03KUGUgJHZMhhI5KIsDE+fzkKT53Sh8PlHYlLZ6rvydyIoyZiMR1CmJHZtmbif95YWYHN3HOZJpZkHSxaJBxbBWe/Y/7TAO1fOIIoZq5WzEdEU2odSmVXQjB8surpF2vBZe1+sNVtXFbxFFCp+gMXaAAXaMGukdN1EIUKfSMXtGbZ70X7937WLSuecXMCfoD7/MHV3yRSg==</latexit>

Nmax = 2
<latexit sha1_base64="dr+aTSQL547Syy7BtXDw2o4WiVg=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsxUQTdC0Y0rqWAf0A5DJs20oUlmSDLSMsyvuHGhiFt/xJ1/Y6adhbYeCBzOuZd7coKYUaUd59sqra1vbG6Vtys7u3v7B/ZhtaOiRGLSxhGLZC9AijAqSFtTzUgvlgTxgJFuMLnN/e4TkYpG4lHPYuJxNBI0pBhpI/l29d5PBxzpseQpR9Msu274ds2pO3PAVeIWpAYKtHz7azCMcMKJ0JghpfquE2svRVJTzEhWGSSKxAhP0Ij0DRWIE+Wl8+wZPDXKEIaRNE9oOFd/b6SIKzXjgZnMY6plLxf/8/qJDq+8lIo40UTgxaEwYVBHMC8CDqkkWLOZIQhLarJCPEYSYW3qqpgS3OUvr5JOo+6e1xsPF7XmTVFHGRyDE3AGXHAJmuAOtEAbYDAFz+AVvFmZ9WK9Wx+L0ZJV7ByBP7A+fwBMX5Sa</latexit>



LLNL-PRES-806181
7

§ The CI picture is no longer sufficient to 
describe the many-body system.

§ We need to expand the basis with 
collective excitations targeting the cluster 
effects.

… and dynamical clustered descriptions
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Continuous dynamical
input (clustering/reactions)
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|
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i
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|
<latexit sha1_base64="3S7e63ZJ+SLpPBFpwSdafXh3lMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEIF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AO2XjQQ=</latexit>

i
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§ Need to re-construct the interaction 
potential seen by the two fragment 
nuclei.

§ Internal P-space Hamiltonian contains 
interaction potential

§ External Q-space only has free 
components  

Solving for the unknowns with the R-Matrix.

T + VCoul

( (HPP

H
(0)
QQ

H
(0)
PQ

H
(0)
QP

ExternalInternal

V = VCoul + VN V = VCoul

r = ↵
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Can we make accurate predictions? 
Nucleon and deuterium elastic scattering on 4He.

PRC 90, 061601(R) PRL114, 212502

But what about uncertainties? And heavier projectiles?
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§ Uncertainty arising from approxima4ons 
done in the solu4on of the many-body 
problem. –Make as few assump4ons as 
possible, and if we must, make one, be 
sure to have it under control.

§ Uncertainty from un-converged 
calcula4ons due to limited computer 
power. –Pick something we know is 
converged or try to quan4fy the expected 
change.

Sources of uncertainty in ab initio calculations of many-body 
reactions.

Overfitting

�
2 =

X �
O

th �O
exp

�2

�2
exp + �2

th

<latexit sha1_base64="mQEdJMh8zQChDNfHfzTjI8UU6SI="></latexit>
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§ Uncertainty in the underlying interaction, 
arising from missing physics, in terms of 
EFT truncation, exclusion of 4N-forces at 
N3LO, etc. –Not much we can do to 
correct for it but, it can be quantified!

§ Uncertainty from poorly determined 
values for LECs, either due to absence of, 
or large uncertainties in, experimental 
data. –It can be quantified, if we can 
propagate it, and if we are not in a very 
bad minimum.

Sources of uncertainty in ab ini0o calcula0ons of many-body 
reac0ons.

Overfitting

�
2 =

X �
O

th �O
exp

�2

�2
exp + �2

th

<latexit sha1_base64="mQEdJMh8zQChDNfHfzTjI8UU6SI="></latexit>
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Determining low-energy constants from three-body observables 

°4 °3 °2 °1 0 1 2 3 4
cD
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1.00
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hE
A 1
i th

eo
/h

E
A 1
i e

xp

EM N3LO + 3N-L

EM N3LO

EMN N4LO

EMN N3LO

EMN N2LO

• Estimating theoretical uncertainties 
is not easy (or pleasant!)

• Even at large chiral order, the 
theoretical uncertainty completely 
dominates over experiment, 
leading to large confidence 
intervals.

One-pion 
exchange

NNN-
contact

Entem & Machleidt, Phys. Rev. C 68, 041001(R)
Entem, Machleidt & Nosyk Phys. Rev. C 96, 024004 (2017)

⇡

<latexit sha1_base64="pXaUd9tpIhVqDq6r7ZmIijF7ylY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVL+9rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSVY3V</latexit>

cD

<latexit sha1_base64="pLsMjSXjeV0gtUuEPjdzEWtDONw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRDx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1FjpgfVue+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPqt559eL+vFK7zuMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w8LFo2m</latexit>

cE
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Gaussian Processes can act as systematically improvable 
emulators for expensive calculations
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Each calculation could take hours to complete. Since the emulator’s uncertainty 
is known, we know where to sample next.
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Gaussian Process Models for uncertainty quantification.

Start from small  number of 
design runs and train a GP
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Sample posterior 
fitting to 4He 
Binding energy.
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radius: Narrower 
band.

Add resonance 
information:
Clearer posterior!

Including many-body reaction observables gives better confidence intervals
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Cross section predictions with quantified uncertainty.

• New tools allow for robust 
uncertainty quantification.

• We now have a good handle 
for the range of validity of a 
theory: Good indication for 
what data to include next!  

• Meaningful error bars are 
important for both theory and 
experiment.
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Constrains in the parameters result in tighter confidence 
intervals for scattering observables.
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§ Incorpora*ng theore*cal uncertain*es 
in the fi5ng process for the LECs leads 
to broader confidence intervals.

§ Gaussian Processes allow for fast 
emulators using a (compara*vely) 
small number of calcula*ons.

§ Doing MCMC on the emulator for 
posteriors of both the LECs as well as 
nuclear observables is then 
computa*onally feasible.

Uncertainties in many-body scattering calculations: Summary.
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Can ab ini'o theory treat He burning reac'ons?
Elha'sari, Lee, Rupak, Epelbaum, Krebs, Lähde, Luu, Meißner, Nature 528, 111 

Nuclear Lattice EFT with the Adiabatic 
Projection Method

§ Promising results for 4He+4He scattering

§ Favorable computational scaling (~A2)

§ 4He+12C fusion becoming possible!

§ Extensions to enable treatment of 
three-cluster dynamics required before 
the method can be applied to the  
triple-4He fusion process

a-a D-wave 
scattering

Expt.
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Building blocks for many-body reactions.

• Target/projectile wave functions are 
written in harmonic oscillator 
expansion.

• Need to remove spurious CM motion.

• In the harmonic oscillator basis this 
can be done exactly.
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Building blocks for many-body reac5ons.
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• Target/projectile wave functions are 
written in harmonic oscillator 
expansion.

• Need to remove spurious CM motion.

• In the harmonic oscillator basis this 
can be done exactly.

NCSM wave function for target

Jacobi wave function with 
attached center of mass for projectile
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Developments to facilitate α-induced reactions.
KK. and A. Volya PRL 119, 062501, Phys. Rev. C 100, 034321

E1 ⇠ RCM ⇠ A† +A

nodes with
⇥
A† ⇥A†⇤(0)

0

Lm =
⇥
A† ⇥A

⇤(1)
m

`,m with A†
m
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• NCSM wave functions already 
have a CM component we just 
need to control it to reach the 
desirable state.

• Full antisymmetrization is 
achieved by using second 
quantization formalism at all 
steps of the channel 
construction process.
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Current status for α-α sca/ering

+
X

⌫

Z
dru⌫(r)
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A
<latexit sha1_base64="5yvcY3wy44+X4ZQwlZmNZA2cVtw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdVNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs5vZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqNh8ta87aoowwncArn4MEVNOEeWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPcZyRWw==</latexit>

A
<latexit sha1_base64="5yvcY3wy44+X4ZQwlZmNZA2cVtw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdVNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs5vZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuqNh8ta87aoowwncArn4MEVNOEeWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPcZyRWw==</latexit>

• RGM components have been 
calculated, still missing some 
NCSMC parts. 

• New algorithm has favorable 
computational scaling for 
three-nucleon forces.
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Current status for α-α sca/ering
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<latexit sha1_base64="K8sh+xU2Eykliu+r3mjaF6d4fCc=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2ARKkqZ0Youi25clQr2Ap2hnEkzbWjmQpIRSunWja/ixoUibn0Dd76NmXYErZ4Q+Pj/c0jO78WcSWVZn0ZuYXFpeSW/Wlhb39jcMrd3mjJKBKENEvFItD2QlLOQNhRTnLZjQSHwOG15w6vUb91RIVkU3qpRTN0A+iHzGQGlpa6JHeDxAPDRNzjH6cGlWk1rp7XDrlm0yta08F+wMyiirOpd88PpRSQJaKgIByk7thUrdwxCMcLppOAkksZAhtCnHY0hBFS64+kmE3yglR72I6FvqPBU/TkxhkDKUeDpzgDUQM57qfif10mUf+GOWRgnioZk9pCfcKwinMaCe0xQovhIAxDB9F8xGYAAonR4BR2CPb/yX2ielO1K+eymUqxeZnHk0R7aRyVko3NURdeojhqIoHv0iJ7Ri/FgPBmvxtusNWdkM7voVxnvXzewltM=</latexit>

NN N3LO (Phys. Rev. C 68, 041001(R)) hw = 24 MeV, SRG λ = 1.8 fm^-1, NNN N2LO
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Experiment

Conclusions 

• We have made first steps towards a 
first-principles description of α-
induced reactions.

• Role of three-nucleon forces is still 
under investigation.

• Ideally, we should be able to 
supplement theoretical predictions 
with confidence intervals. Emulators 
provide this framework.
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Thank you!


