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Outline

* Introduction on emulators

 Eigenvector-Continuation (EC) emulators for nuclear structure
calculations

* EC emulators for two-body scatterings
e EC emulators for three-body scatterings

* Generalizations, including a connection with ab initio scattering and
reaction calculation

 Summary and outlook



Emulator

Model fitting/error propagation = solving the model at
many points in its parameter space

A bottleneck issue: high computational cost for solving

models T XX

Need efficient and accurate emulators for models (train
the emulators using training points and then make
predictions at other points)

Applications in nuclear physics:
* Many-body bound-state calculations
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* Few-body scattering and reactions calculations

* Fitting Chiral three-nucleon interactions to the proton-deuteron Parameter 1
scattering data

* Data fittings involving deuteron-nucleus scattering and reactions,
e.g., A(d,p)B and A(d,n)B



EC emulators for bound state calculations

D. Frame, et.al., Eigenvector continuation with subspace learning, Phys.Rev.Lett. 121, 032501 (2018) 1711.07090
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ﬁ(@@_) - ‘L/)gs (95» |5 (0;)) live in a low-dimension Hilbert space

‘ Construct emulatogs based on variational calculation method

S. Kbnig, et.al., Eigenvector Continuation as ar_Efficient and Accurate Emulator for Uncertainty Quantification,
Phys. Lett. B 810, 135814 (2020) 1909.08446 ; A\Ekstrom and G. Hagen, Global sensitivity analysis of bulk
properties of an atomic nucleus, Phys.Rev.Lett. 123\, 252501 (2019) 1910.02922 Ground?ate energy
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N -dim linear algebra—> fast emulator calculations Ni;(6)


https://arxiv.org/abs/1711.07090
http://arxiv.org/abs/arXiv:1909.08446
https://arxiv.org/abs/1910.02922
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There exists a functional: (3 :|¢trial>] = Tirial — 2,u<¢tria1|ﬁ](9) — E|tiria1) 4 as the reduced mass
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with an asymptotic condition 7yyia1(7) — sin(pr — €m/2)/p + Tirial cos(pr — €m/2)
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i—1 outside the strong

AUz‘j = 2M<¢E(9i)‘ﬁ(9) — EWE(HJ» interaction range

Np-dim linear algebra—> fast emulator calculations °


https://arxiv.org/abs/2007.03635

Generalization to three-body scattering:

below breakup threshold (S wave)

For three identical spin-0 bosons, H = T, + Tgr + Va_poay + Vz—poay

Suppose V,_poqy 8ives a two-body (dimer) bound state ¢,
Compute the boson-dimer scattering. The scattering WF
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The functional estimates the scattering S-matrix:
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IB[Lptrial] = Strial — a (LptriallH(B) — E|Lptria1)

The two-body emulator can be generalized to emulate
H(6) with varying V3_p,4y but with V;_;,4,, fixed

Separable VZ—bOdyr €.8., V23 — /’tlg><g|
(g119) o e=91/@A%)

Separable V3—body: Va = A4194)(94l

3
(P1qy]g.) e~ (@i+gPD)/(2AD)

Mass as nucleon mass
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Rel. err.

Vary 3-body potential strength A,

Frmulator: 5 = 2 MeV. Ao = 200 MeV, Ay = 300 MeV, Gaussian
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Rel. err. Rel. err.

Rel. err.

Vary 3-body potential strength A,

Frulator:5 = 10 MeV Ao = 200 MeV, Ay = 300 MeV, Gaussian
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Vary 3-body potential strength A,

Emulator: 5 = 100 MeV. Ao = 200 MeV, Ay = 300 MeV, Gaussian
Aq =-0.500 Aq =-0.006 Aq =-0.035 Aq =-0.025
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Rel. error

Rel. error

Vary both A, and range A4

Relative errors at more test points
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blue crosses: interpolation
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Efficiency

_ L 0

Computing time 3 0.01
(in seconds) per scattering energy (103 for realistic calculations) (1073 for Ny,-dim linear algebra )
on a laptop

e Simplified full calculations

* Typical cost of a realistic calculation: hours

* The emulator cost is from computing AU (the Np-dim linear algebra cost is much smaller)

e If only varying A4, AU cost is eliminated. The emulator cost (the linear algebra) is 1073 s
(on a laptop). This low cost applies to realistic calculations.

* The above scenario =2 fitting Chiral three-nucleon interactions to proton-deuteron
scattering data

* In general, the potential’s parametric dependence can be linearized to reduce the AU-
cost. (exploring new ideas)



Generalization to varying two-body interactions

Generalization to three-body scattering:
above breakup threshold
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Kohn-Type Variational Principle for Three-Body B

M. Lieber,i Leonard Rosenberg, and Larry o 4o o e .
Department of Ph,ysics, New York University, New Yovk The Kohn Variational PrIHCIple for Elastic

(Received 20 July 1971) Proton-Deuteron Scattering Above Deuteron
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Generalization for fitting 3-N interaction to
Lattice QCD calculations



Ab initio scattering/reaction calculations based on

computer experiment For two-body scattering:
o Continuum XZ, PRC.101.051602(R) (2020)

[1905.05275 |; XZ et.al., PRL 125,

VS o
o0
. oo ——) 112503 (2020) [2004.13575 ]
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within ab initio calculations :
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Bound State * Parallel studies in LQCD
generalizing the Luscher

method to 3-hadron (more
analytical understanding)
 Computer experiment strategy

(Faddeev + data analysis tools

Constrain EFT (or model on V) . Eor;j[ig::igrﬁigvﬁg}%g’éy_

—> compute scattering and reaction o0 o solvers, e.g., Gamow-shell
o model calculations .
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https://arxiv.org/abs/1905.05275
https://arxiv.org/abs/2004.13575

Summary and outlook

* EC emulators for the three-body scatterings are accurate and efficient
* Currently working on the emulators with varying V,_j 54y

* Reducing the cost of computing AU when the potential’s parametric
dependence is nonlinear

* Generalizations to reactions above the break-up threshold

* Implementations with realistic three-body calculations (both NN and
nuclear calculations)

e Connection to discrete-spectrum calculations



