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Ab initio workflow (idealized) OHIO

UNIVERSITY

Here: nuclear equation of state (EOS)
(structure, reactions, astrophysics, ...) energy per pamCIe (and related quantltles)

many-body theory

exact QMC, NCSM, ...
approximate CC, IMSRG, MBPT, SCGF, ...
phenomenological SM, DFT, ...

Here: many-body perturbation theory (MBPT)

automated, computationally efficient method
allows to estimate many-body uncertainties
Widely applicable:

(Weinberg, van Kolck, Kaiser, LENPIC, Idaho, ...) v' arbitrary proton fractions
v’ finite temperature
v’ optical potentials, linear response, nuclei, ...
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(CalLat, HALQCD, NPLQCD, ...)

Other frameworks include quantum Monte Carlo,
CD & Bogner, Few Body Syst. 62, 109 coupled cluster, and self-consistent Green’s functions
CD, Haxton, McElvain, Mereghetti et al., PPNP 121, 103888
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More details? Recent review article OHIO
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I Chiral Effective Field Theory and the
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Annual Review of Nuclear and Particle Science
Vol. 71:403-432 (Volume publication date September 2021)

First published as a Review in Advance on July 6, 2021
https://doi.org/10.1146/annurev-nucl-102419-041903
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Bayesian uncertainty quantification James Lattimer, Annu. Rev. Nucl. Part. Sci. 71, 433 Open Access
recent neutron star observations

see also in the same journal:



Isospin asymmetric nuclear matter
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Nuclear Equation of State at T =0
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neutron matter below saturation
density is well-constrained by NN
scattering phase shifts

see also Configuration-Interaction Monte
Carlo, Arthuis et al., arXiv:2203.16167



Isospin asymmetric nuclear matter OHIO
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Nuclear Equation of State at T = 0 Nuclear Saturation
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Nuclear symmetry energy OHIO
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agreement between various constraints
(be careful: probe different densities)
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28 30 32 34 Reed, Fattoyev et al., PRL 126, 172503
mmetry Energy S, [MeV] Piekarewicz, PRC 104, 024329
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Why correlations are important: symmetry energy OHIO

UNIVERSITY

S
o
" normal
o 7] ILL distribution
~ (at each
o ] 34.1%| 34.1% density)
—
ot
=
o Q
—30 —20 —-1o 0 1o 20 30 (3]
c
2 ()]
So ~ N (ILLSQ7O-SQ) 3
;E :
HSy — UPNM — USNM I ' 1 ateach
5 9 5 - v . density
05, = OPNM T OSNM o
density A : : L
— QO-PNMO-SN]\/@ 0.1 0.2 0.3

Density n [fm ]

01 02 03
may result in smaller uncertainties Density n [fm~?]

EJA~N (y,0?)
than one might naively expect symmetry energy | multi-task GPs




Why correlations are important: symmetry energy OHIO
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Empirical saturation box (overview) OHIO
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Nuclear Saturation
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Empirical saturation box (overview) OHIO
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Select empirical constraints from DFT OHIO
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Significant progress in UQ for DFT: S L l
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Neufcourt, Cao, Nazarewicz, Olsen, Viens, PRL 122, 062502 g —16.0 [ .
Chen & Piekarewicz, PRC 90, 044305; and more 5 - ‘ Skyrme :
& 8 RMF -
Recently: UQ is driven by emulators (game changers!) cg - -

Bonilla, Giuliani, Godbey, Lee, PRC 106, 054322 —16.2 [

Giuliani, Godbey, Bonilla, Viens, Piekarewicz, Front. Phys. 10 - ®
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Skyrme models: systematically lower binding energies & rymstanl 0.150 0155 0.160 0.165 0.170
larger saturation densities. This has been long observed. Nucl. Phys.A706 Sat. Density no [fm™°]

Empirical constraints are precise but not very L
accurate (systematic uncertainties are difficult to estimate) —16.4 -




Emulators: game changers in nuclear physics! OHIO
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A high-fidelity space|

‘ frontiers (pedagogical review article)

k\

BUQEYE Guide to Projection-Based Emulators in ¢.>/_ :
Nuclear Physics Front. Phys. 10, 92931 (open access) /_h q

Parametric eigenvalue problem

H(0;) [vi) = E(0;) [¢bs)
ABSTRACT with interactive Jupyter notebooks on GitHub!

The BUQEYE collaboration (Bayesian Uncertainty Quantification: Errors in Your EFT) presents
a pedagogical introduction to projection-based, reduced-order emulators for applications in low-
energy nuclear physics. The term emulator refers here to a fast surrogate model capable of reliably _ see a_lso
approximating high-fidelity models. As the general tools employed by these emulators are not yet our Literature Guide
well-known in the nuclear physics community, we discuss variational and Galerkin projection methods, Melendez, CD et al.,
emphasize the benefits of offline-online decompositions, and explore how these concepts lead to  J. Phys. G 49, 102001
emulators for bound and scattering systems that enable fast & accurate calculations using many

different model parameter sets. We also point to future extensions and applications of these emulators

for nuclear physics, guided by the mature field of model (order) reduction. All examples discussed sl M :)‘W
here and more are available as interactive, open-source Python code so that practitioners can readily ® True value
adapt projection-based emulators for their own work. :

Keywords: emulators, reduced-order models, model order reduction, nuclear scattering, uncertainty quantification, effective field theory,

variational principles, Galerkin projection ‘ a
Companion website with lots of pedagogical material: https://github.com/bugeye/frontiers-emulator-review Q'
BU

see also Godbey Giuliani et al., https://github.com/kylegodbey/nuclear-rom QEYE Collaboration

C. Drischler,">* J. A. Melendez,? R. J. Furnstahl,® A. J. Garcia,* and Xilin Zhang®
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Baye5|an inference: emplrlcal saturation point
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same as the but with updated
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hyperparameters (analytic expression)
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Saturation box (2016)

Analysis
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Uncertainties in the DFT constraints break conjugacy!

Mixture modeling comes to the rescue! Use simple MC sampling...

Sat. Energy Eo/A [MeV]
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has approx. a t-distribution and is
consistent with the commonly used box estimate (95% C.L.)
but shifted toward lower (ny, Ey/A)

What other constraints should we consider ?
What is our prior knowledge of saturation g
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Take-away points @ QIIV‘EIRIS I(T?

multi-messenger unique opportunity to obtain a

nuclear precision fundamental understanding of
’ g FRIB - era strongly interacting matter, with

great potential for discoveries

Chiral EFT enables ab initio calculations of finite nuclei & nuclear matterat T2 0
& arbitrary proton fractions (n < 2n_,). Where does it break down and why?

(facilitated by new emulators!). EFT predictions statistically consistent?

Bayesian statistics allows for rigorous UQ in EFT-based calculations ‘& <

Need for improved constraints on the nuclear matter EOS in the density regime

1 S ning,; < 2. How can these constraints help guide or validate nuclear theory? _. g:.
Our preliminary analysis suggests for the empirical saturation point: N
ny = 0.157 £ 0.009 fm-3, with E,/A =-15.96 * 0.34 MeV (95%, correlated!) ‘m

a
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