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NuHamil code @ SrEREMEtEY Y —
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= NuHamil code (https://github.com/Takayuki-Miyagi/NuHamil-public)

= NN and 3N matrix elements expressed with the harmonic oscillator basis.

The matrix element files will be available

= NuHamil
@ Japan Lattice Data Grid (JLDG)

= NN interactions up to N4LO (EMN)

= 3N interaction up to N2LO

= NN current at momentum transfer 0 (magnetic moment, Gamow-Teller transition, etc.)
= NN current at finite momentum transfer (ongoing...)

= Ovbb transition operator (3N neutriono potential is ongoing...)

= Parity-violating NN interactions (anapole moment, Schiff moment, ...)

= Please push your implementation!


https://github.com/Takayuki-Miyagi/NuHamil-public
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Non-perturbative Q

Quarks & gluons

P

2N Force 3N Force 4N Force

@me X

Nuclear many-body problem

P + Green’s function Monte Carlo
no K]
S e | £ + No-core shell model

l + Nuclear lattice effective field theory

NNLO
(@/A0* + XX + Self-consistent Green’s function
NSLO AT 1 + Coupled-cluster
o T X . + In-medium similarity renormalization group
N‘LO | + t $o1et [ + J . + Many-body perturbation theory
S SR N ’
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Nuclear interaction from chiral EFT @ STENEREEY Y —
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Weinberg, van Kolck, Kaiser, Epelbaum, Glockle, Meil3ner, Entem, Machleidt, ...

= Lagrangian ConStI’UCtion Two-nucleon force Three-nucleon force Four-nucleon force
+ Chiral symmetry L0 (@) >< H _ _
+ Power counting
. . NLO (Q?) X {:jj: |-1 [::{1 [1 — _—
= Systematic expansion
+ UnknOWH LECS N2LO (Q3) + ;{ . + ,-_.X X -

+ Many-body interactions
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Figure is from E. Epelbaum, H. Krebs, and P. Reinert, Front. Phys. 8, 1 (2020).
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Nuclear currents from ChEFT

- Electroweak properties are related to current operators. H o lu
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« Chiral EFT allows us a systematic expansion for charge and current operators.

Single-nucleon Two-nucleon

H 4= 4 -

qr M% M+ W{\

Three-nucleon

A+

1 X

~

depend on dsg,182122 parameter-free

M- 4
parameter-free
X

~—_
depend on C2457 depend on Cr

and L1z (known)
K Vector (EM observabiles, ...)

depend on Ct
(known)

J

K Single-nucleon
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SERER TS

Q0 —
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Two-nucleon

Three-nucleon

M -

H
parameter-free

X X
o BT

parameter-free depend on dz;5,6,15,23

¥ g-{:j:

gy

P K-

W#I:

parameter-free

depend on Ct

&Axial vector (GT transition, ...)

(known)

depend on Cr

(known)

X

depend on
Z1,23,4

E. Epelbaum, arXiv:1908.09349. S}
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Valence-Space In-Medium Similarity Renormalization Group @ ARHEmREY Y-

Outside Valence Core

Core Valence Outside

evolution

-

Core Valence Outside

Similarity transformation
H(s) = ) e~ Us) f12,T1234 : matrix elements to be suppressed

H

Center for Computational Sciences

. frozen core

’I '// 6 \\\\\ —_ Valence
' ' ---: outside
) Ky o 1
N . =1(s) = 5[2(s),n(s)] + - -

ds 2
n(s) =Y ma(s){alas} + Y 1105:(s){aladasas}
12 1234
N2 = 1arctan ( 2f12 )
12 = =
2 fi1 — foo + 1212 + A
m = L arctan ( 211234 )
1934 = =
2 fi1 + fo2 — fa3 — faa + Ajoza + A

Aq934 = T'1212 + 3434 — T1313 — o404 — 1414 — Dogos

1
H(S) ~ E(S) + Z flg(s){aiag} + Z Z F1234(S){CLICL;CL4CL3} O(s) = eHD0e ) = O (5) + %O%g(s){a{ag} + i Z 0?2]34(8){&1@;&4@3}

12
s: flow parameter

1234

1234

H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and K. Tsukiyama, Phys. Rep. 621, 165 (2016). 6
S. R. Stroberg, H. Hergert, S. K. Bogner, and J. D. Holt, Annu. Rev. Nucl. Part. Sci. 69, 307 (2019).
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Valence-Space In-Medium Similarity Renormalization Group @ ERNFEHREY Y —
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N - frozen core
@ (L[ gee\\\\ —:valence H. Hergert, Front. Phys. 8, 1 (2020).
—40F 1 T T T T 1 T T -
o @ IT-NCSM ]
Core Valence Outside _60'_ O MR-IMSRG(2)
or .
- VS-IMSRG(2 .
o evolution -80F g C?: sD SRG(2) .
o) 5 J
p > _100} oom A A-CCSD(T) -
5 = ; & ADC(3) !
;0 L] —120— [l Lattice EFT -
& ~140F oH ] )
g - Two-body approximation o O .
. -160F A few % error in gs energy and radii =90, n OOZ ;
Slmllanty transformal [ See also M. Heinz et al., Phys. Rev. C 111, 034311 (2025). OOX- e
H -180F " | | | | |
T 1 12 14 16 18 20 22 24 26 28
H ~ F + + =
(s) ~ E(s) %: frz(s)laraz} + § . A
S: ﬂOW parameter H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and K. Tsukiyama, Phys. Rep. 621, 165 (2016). 7

S. R. Stroberg, H. Hergert, S. K. Bogner, and J. D. Holt, Annu. Rev. Nucl. Part. Sci. 69, 307 (2019).
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Ca radii puzzle S HENERREY Y-
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= Charge radii of Ca isotopes

= 48 to 52
. 40 to 48 ol
nature ~ B
ARTICLES . c
PUBLISHED ONLINE: 8 FEBRUARY 2016 | DOI: 10.1038/NPHYS3645 p ySlCS H\:
=
o 3.5F
Unexpectedly large charge radii of neutron-rich
calcium isotopes -
R. F. Garcia Ruiz', M. L. Bissell"?, K. Blaum?3, A. Ekstrom*>, N. Frommgen®, G. Hagen*, M. Hammen?®,
K. Hebeler’?, J. D. Holt®, G. R. Jansen*>, M. Kowalska'®, K. Kreim?, W. Nazarewicz*"""?, R. Neugart>®, 3.4 -
G. Neyens', W. Nortershauser®”, T. Papenbrock*®, J. Papuga’, A. Schwenk3”2, J. Simonis’?, l l l | l | | |
K. A. Wendt*® and D. T. Yordanov3"3 40 47 44 46 48 50 52 54

Mass number A
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Ca radii puzzle S HENERREY Y-
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. 1pase2
Shell-model calculation Of7z2
1s12
Explicit inclusion of excitations across the N=2=20 0dss2
gap seems essential.
5 T T T T T T T T ( 288i core ) ‘ 81" (A) = —nfp(A)bz)
exp;k
T // | 03 l I ' \
% / 1 EXp
N 0, inCa 7/ ) — i
~ 3 < \ 2 // /7+- «
% \\\\\ / _~7 sSm g
p= \ % 7 ® — 02 7
~ L QN e T ] =)
% ? g, FoT * L &
= TNy sm 27 n
m 1 = V\'\ /// g T “X
\‘\\\ // @ $ O l B
F\\\‘ /’: " exp T
0 r 32 imse T & . =
<=
L ] w2
-1 . ] : | . | N I 0.8)" 0 i
40 42 44 46 48 el
A | ]
E. Caurier et al., Phys. Lett. B 522, 240 (2001). I T
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Ca radii puzzle

- DFT results 20<=N<=48 and N<20 cannot be explained simultaneoulsly.
1.5 1 1 1 1 L 1 1 1 1 1 L 1 1

Fayans functional 1.4 - )

6(r?)** (fm?)

S
~

)

—a— Fy(std)
—ua— Fy(Ar)
- o Fy(Ar,Ar®)

—<— Fy(h%=0)
—o— Sk+PFy
—— SV-min

40 42 44 46 48 50 52
A
P.-G. Reinhard and W. Nazarewicz, Phys. Rev. C 95, 064328 (2017).

8<r?>30A [fm?]

1.3 1
1.2 1
1.1 A
1.0 A
0.9 A
0.8
0.7 1
0.6
0.5 1
0.4
0.3
0.2 1

—e— FaNDF?

- -e - SkM* + mixed pair.
— - M3Y-P6
—+—NL3

o exp. (ADNDT2013)

o exp. (Miller2019) /4 I

o exp. (GarciaRuiz2016)
Same mechanism

1 1 1 I I 1 1 1 1

14 16 18 20 22 24 26 28 30 32 34 3

Neutron number

6 38 40 42

T. Inakura et al., Phys. Rev. C 110, 054315 (2024).
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Ca radii with one major-shell valence space S HENFHREY 5 —
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« The computed radii are significantly smaller than the R (s _ _—_
experiments due to the 1.8/2.0 (EM) interaction. 3.501 = - -
E 3.45 -
.. 5 3.40
= 40 < A <= 48 behavior is totally off from the data.
3.35
3.30
= The enhancements in A>48 can be observed, but not s
enough. § 0.4
OT? 0.3 -
.. L < 02
= Explicit excitations across Z=N=20 gap? LG
= 0.
< 0.0-
E. Caurier et al., Phys. Lett. B 522, 240 (2001). NG o1

36 38 40 42 44 46 48 50 52 54
A



. L— Lk 3.55 { == Exp. -
- e 4OC'a core _ _—
Ca radii 350470 " =_T_
— — — 'S

:é: 3.45 -

= The 4%Ca and 28Si core results are almost the < 3.40 -
|-

same.
3.35 -
3.30 -
= Ohw components: . . . . . . . . .
+40Ca: 0.49 —
=
+42Ca: 0.50 =
(00)
+44Ca: 0.54 N
<
+46Ca: 0.65 {5
+48Ca: 0.81 L
NS
= Note Sc isomer states are significantly "
overestimated ——

36 38 40 42 44 46 48 50 52 54
A



Other observables

34 non-implausible interactions

03 F 1 T T T

VS-IMSRG(2), 28Si core
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Other observables

R2 (**Ca) — R2,(*8Ca) (fm?)

0.3

0.2

0.1

0.0

-0.1

34 non-implausible interactions

VS-IMSRG(2), 28Si core
! 8 @690 0.
CO
- O -
Q 1 1 1 1 |: 1
—-0.25 —-0.20 -0.15 -0.10 —-0.05 0.00 0.05

R2,(*°Ca) — RZ,(“8Ca) (fm?)

Q—S | R

Qo wv::_ »v% .oe o

Single-nucleon j Two-nucleon

-

Three-nucleon

R ey NI F vl N m}

‘depend on dgg 18218 parameter-free &

4

— 35—
paramater-free

W‘E"J MH E Wt

—

| depend on Cz,4,5,7: depend on Cr :

and L1z 1 (known)

« Many-body effect

+ Cluster, octupole, ...

* many-body charge density

= N3LO Hamiltonian structure

e

S

depend on Cr
(known)




L | f 0 e-seoww )
ol ~B- 18/2.0 (EM7.5) ]
= n - ~=- 1.8/2.0 (EM)
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Neutron-rich nuclei and neutron skins from chiral low-resolution interactions
—8.5
P. Arthuis,»? * K. Hebeler,"">3 T and A. Schwenk! 23 * '
! Technische Universitit Darmstadt, Department of Physics, 64289 Darmstadt, Germany
2ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany,
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Ll 1 T T T T T T ]
~® - 1.8/2.0 (sim7.5) ]
~i - 1R/20 (M7 R)

4He (fit)

$240

+©- N3LOrexas, IMSRG(2)
—@— N3LOqexas, IMSRG(3f,)+Triple
O 1.8/2.0(EM), IMSRG(2)
¢ 1.8/2.0(EM), IMSRG(3f,)+Triple

56Ni 68Ni 9é]2r

O N3LOrtexas, CCSDT-3
4 N3LOrexas, J-NCSM

u u
New interactions 9.0
8.5[
% [
Neutron-rich nuclei and neutron skins from chiral low-resolution interaci = 8.0 |
Y :
P. Arthuis,»? * K. Hebeler,"">3 T and A. Schwenk! 23 * S 75L
! Technische Universitit Darmstadt, Department of Physics, 64289 Darmstadt, Germany C
2ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstaa C
3 Maz-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 7.0 N
cD=75 6f
The neutron dripline in calcium isotopes from a chiral interaction 5 -
B. S. Hu®,1»2* A. Ekstrém,? C. Forssén,® G. Hagen,>* W. G. Jiang,® T. Miyagi,® and T. Papenbrock®* £ 4+
L Cyclotron Institute and Department of Physics and Astronomy, < X
Texas A6M University, College Station, Texas 77843, USA x 3F
2 Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA C
3 Department of Physics, Chalmers University of Technology, Géteborg SE-412 96, Sweden C
4 Department of Physics and Astronomy, University of Tennessee, Knozxville, Tennessee 37996, USA 2 -
® Mainz Institut fiir Theoretical Physics and PRISMA+ Cluster of Excellence, -
Johannes Gutenberg-Universitit, Mainz 55128, Germany 1 C

6 Center for Computational Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8577, Japan

cD =-5.06

1 1 1 1 1 1 1 1=

e
160

240 40C

1
a 48Ca 56

Ni GBNi 78Ni lUUsn lUBSn lZOSn 132Sn 208Pb
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New interactions 9.0

_— 48Ca 56Ni 68N| er __
8.5 N 1 m
% C ]
Neutron-rich nuclei and neutron skins from chiral low-resolution interact = 8.0 | .
Y - ]
P. Arthuis,»»2 * K. Hebeler,"?3' T and A. Schwenk! 2 3:? ~75L ]
! Technische Universitit Darmstadt, Department of Physics, 64289 Darmstadt, Germany C #© N’LOrexas, IMSRG(2) . ]
%2 ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstaa C _g_ :‘ 85?5??&)"\I/'SSRSSEZ))"T”DB i
3 Maz-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 7.0 [ “He (fit) 020 ¢ 18/2:0(EM): IMSRG(3f,)+Triple 7
cD=7.5 )
. e . . . . . . B 208pp,
The neutron dripline in calcium isotopes from a chiral interaction X O N3LOrexas, CCSDT-3 ]
- 4 N3LOvexas, J-NCSM N
S ]
L — Xt 100gp ]

B. S. Hu®,1»2 * A. Ekstrém,? C. Forssén,® G. Hagen,>* W. G. Jiang,® T. Miyagi,® and T. Papenbf’;" 4 ]
! Cyclotron Institute and Department of Physzcs and Astronomy, number N parentheses ZB SRG eVOIVed GT Op

Texas AEM University, Cys al ~rio o Tro
Ly M Interaction  |GT(1B) / GT(Exp GT(1+2B) / GT(Exp

4Depif;f;’,’;i"ﬁ,?”éh";lZ‘”Zfﬁi’AfZZZZZ’;;, e 1.8/2.0 (EM) 1.002 (0.989) 0.952 (0.967)
Mainz Institut fir Theoretical P 4 8/2.0 (EM7.5) 0.998 (0.984) 1.065 (1.077)
6 Center for Computational Sciences, University, N3LOTean 0999 0932
cIN3LOi 0.979 1.001

A large cD is essential to reproduce binding energy and radius simultaneously?

a8 )

GT matrix element?
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Beta decay half-lives around N = 50

= Beta-decay half-lives are inputs of r-process simulations

+ Neutron-rich nuclei are experimentally less known

+ Theoretical inputs are needed 10

1/2 Zt

__10°¢
1 o =,
t]fil = E/ dVVCfZ Z W \/ 1w WO — |_‘: 10"
1
= Different theory models yield different results 107 £
+ Uncertainty of each result is unclear... 109 L

+ What about nuclear ab initio calculations?

WBKF

@ AERFHRREEY Y —

Center for Computational Sciences

Zhi et al., Phys. Rev. C 87, 025803, (2013).

--® - FRDM+QRPA _-‘ ]
-9--DF3+QRPA '
—*— HFB+QRPA
—u—SM

—O— EXxp.

Charge number Z

18
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Beta decay half-lives around N = 50 S HENTHREY 5 —
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- . 1 W
= Partial inverse half-life: t]?il = —/1 dWCy;(W)F(Z, W)V W?2 —1W (Wy —

K
K (constant): 6144 s
W: energy in the unit of electron mass
F(Z, W): Electron wave function, an analytically approximated expression is used
Cri(W): Nuclear structure part

Single-nucleon Two-nucleon Three-nucleon

@ @ f T ) T
ar | - S

= (W-independent) Gamow-Teller transition:

TR
G i@ = olar e At AN
naliai PG

§>< §>< (known)

—_—
depend on Ct 19
(known)



Beta decay half-lives around N = 50

Q3

= Atrtificial quenching factor is not needed! (q ~ 1)

|Mg:| experiment

¢ This work
[Z] Shell model

______ q —
—— g=0.96(6)

“— q=0802) o

T

1

T

2

Mgl theory (unquenched)

"Ne,, - "°F, 5
37K3/2 - 37A"5/2
25A's/?. - 25M95/2
37K3/2 - 37A"s/z
*Na, — Mg,
Mg, — PAl,
?°Al, — *°si,
24Ne0 _ 2iNa,
Up Mg
33P1/2 - 3383/2
2Na, — 2‘Mg,

34P1 = 34SO

free

= Gamow-Teller quenching problem: gjﬁ ~ 0.8g4

Qo

Mgl experiment

Single-nucleon

Two-nucleon

-

(4

I
+

— )

W

-

o B

.

Three-nucleon

"
4

parameter-free depend on d256,15,23

£

\ 7
N/
l,\
N

o - X

¢ This work
[] Shell model

—— =0.92(4)

|Mg7| theory (unquenched)

parameter-free

4250, 42Cq,
“21i _, 25,
45\/7/2 - 45Ti7/2
®Tizp = Scy
#8c,, - PCag)
45V7/2 - 45Ti5/2
47\/3/2 - 47Tism
¥Scy, = iy
45Ti7/2 e 45SC7/2

%S¢, — “°Ti,

.es



Beta decay half-lives around N = 50

_ . Zhen Li
= VS-IMSRG with allowed GT transitions Postdoc @ TU Darmstadt
- Valence-space choice: 0.0 Model-space convergence
1d5/2 J{;, 01 _ ] wW v v v v v ]
S
0Gs/2 eecococc0e e R e
F(41) — —4+—4"'_4
1P/ PPY 3.0 :_( ) _4211 —4T —2t __o+—2"
0Fs/2 000000 (2+) - 2t =2
1p3/2 .‘”._ %\ 2.0 — —
0f,, % V  Initial ref. GT1g428B
m" Lo _ 78Ni 18/20 (EM) Initial ref. GTp _

v Final ref. GT1B+2B
Final ref. GT;p

0 E_ 0+ f 1 0+ 1 O+ | 0+ 1 0+ 1 0+ 1 0+ -f
- iltoni ices: | S D S
Hamiltonian choices: : =P SO Y Y SV T
=, TUE 53 A=5MeV, ns/? = ]

+ Delta-less EFT: 1.8/2.0 (EM) SR A

A%Q\" &fb% @Q/JA /\q) //b; %\é

© N2 @+/ R D 21
% [0 %



Beta decay half-lives around N =

= VS-IMSRG with allowed GT transitions

= The 2BCs make half-lives longer (reduce
transition probability)

= Hamiltonian dependence is significant

= Running sum suggests that the
agreement of 1.8/2.0 (EM) and AN2LOGO
in Ge is accidental

= Forbidden decays with 2BC

50

10t ¢
| —¥— GTip25, 1.8/2.0 (EM)

WERKF
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Z Li et al., arXiv:2509.06812.

GT;g, 1.8/2.0 (EM)
GTiB428, AN?LOgo (394)
# GTis, AN’LOgo (394)

—D— Expt.

Interaction dependence ~ 100%

Nl s 2

25 26 27 28 29 30 31 32
A



Beta decay half-lives around N = 50

In general, 2BC suppresses the GT strength.

The suppression patterns are similar in 1.8/2.0 (EM)
and AN2LOco.

Running sum suggests that the agreement of 1.8/2.0
(EM) and AN2LOgo in Ge is accidental

4+ contributions look different

Interaction dependence needs to be investigated
more carefully.

Many-body uncertainty is unclear...

WERKF
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LOE 18/20 @M)  |™Ni0z) = ™Cu(1Y)]  AN?LOgo (394)]
0.8 ' GTp -- — GTip ]
I —— GTip42B |4 GTip+28
0.6
o |
m L
04F
i ! i
: | Ill I Il I
0.2 | |
L Ill‘ II
I I | I I" I"'ll-
0 T I l"."ll.ll-- N | I.. ] AR JI:':'L';--
0 5 10 15 20 0 5 10 15 20 25
E, (MeV) Ey (MeV)

P R e I 0.30
T g’ Ik j,_v-V-VJ° W 10.25
Ta | It 10.20
s | TENi(0g;) — "8Cu(1t) |} 82Ge(0%) — 82As(1)]

g 4t 1F & 40.15
% L
21 IF 0.10
= L
g2 —v— 1.8/2.0 (EM) 0.05
= AN*LOgo (394) | ol _
...1W.|...|...1...|‘llu.A..l...‘|.‘..1....|....|-0
02 4 6 8 10 12 2 3 4 5 6 7
E. (MeV) E; (MeV)
23

Z Lietal., arXiv:2509.06812
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MEP emulator S HuEBEHREY 5 —
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= Multiparameter Eigenvalue Problem (MEP) emulator

P(D|D,I) = | d0P(D|6, I)P(6|D, 1))
s

Model parameters (LECs in ChEFT)  Model predlctlon Posterior parameter dist.

= Posterior parameter distribution Likelihood Prior parameter dist.
- One can use Bayes’ theorem: (P(9|D,@O<@(D|9,I)P(9)‘/

= An emulator is a key ingredient to realizing meaningful UQ

= But still, sampling could be a non-trivial task as the distribution can be complicated.

24
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Emulator: eigenvector continuation S HEARFHREY 5 —
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nNLEC
= Affine structure of Hamiltonian: H(0) = Hy + Z 0,H,;
1=1

- Schrédinger equation for target vector: H(05)|¥(05)) = E(05)[¥(05))

= If the eigenvector does not change drastically with respect to 8, the target wave function could be
expanded with the snapshot vectors:

Ntrain

¥ (0s)) = Z ¢i|¥(0;))
1=1
+ Subspace Schrédinger equation: [H§"" + 0 1 H}"" + -+ 4+ 05 ni o Ho'P ] ¢ = EN*""c

( (W(01)|Hi[W(61)) -+ (U(01)|Hi|¥(On,.,.)) ) ( (U(0)[¥(01)) -~ (V(0)|¥(Onnin)) )
Hisub: . . . Nsub: . . .
( ) {

U(O NHU(O) - (U6, ) Hi (O, V(0 WO - (VO )V (On)

train
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e = —
. . - >
Emulator: eigenvector continuation < —120 - y—
c iences
>
el —
S 140 -
= Coupled-cluster method ¢
= ;
) | z —160 - K — SPCC(5) (points 1-5)
(V'|H (dg)|¥) = (@o|(1 + A')e™" H(dg)e" |Dy) % === SPCC(3) (points 1-3)
= (@[(1 + A')e*H(dg)|®Py). G —180 - ¢ CCSD
- 2.8 -
(W) = (@|(1 + A)e¥|Dy),
E a27-
= T"and T include only ph excitation operators z g
as 5
+ Expansion terminates at finite order. 5 26- k
&0 %
¢ i
2.4 T l- T T T
2.0 2.5 3.0 3.5 4.0

Low-energy constant Cig, (10* GeV™%)
26
A. Ekstrom and G. Hagen, Phys. Rev. Lett. 123, 252501 (2019).



WBKF

Parametric matrix model @ SrEREMRtEY Y —

Center for Computational Sciences

= EC works well.

4+ But not so easy for IMSRG

i . . training samples
Parametric matrix model (PMM) 1904 validating samples
P. Cook et al., Nature Communications 16, 5929 (2025). -
H|\IJ> :E|\I;> > —140 1
9]
- 5
H Cisy n Vi 160 -
G)
©
et
O
T —180 A
a
Numerically optimized such that the training data are reproduced o4
“The idea is simi . . . . O g.s. energy
e idea is similar to EC, but the matrices are obtained with a data-driven way —200 -
Original IMSRG problem — O(10) matrix diagonalization ~200 -180 -160 -140 —120

Reference G.S. energy (MeV)



MEP emulator

A set of eigenvalue problems: « Multiparameter eigenvalue problem:
Tpar O; + OéZAZ =0
( +Z HY - N[”> =g ( ’ ; ]>y3
(H([;J n Z o H? — B N[2]> g2 = Inputs: matrices O and A
=1
Outputs: alpha and vector y
(H([)npar] N ZC Flmew] _ plipa] N[npar]> el — * {Ci=1,...n} — {Ej=1....m} (forward problem)
=1
| 0;=HP + 3 HY, A =5,;N0, o, =EF
fm] lml ] aglm] | o] _ '
(HO +> ¢H™ — EMN ) 0 i—1
=1
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MEP emulator

A set of eigenvalue problems:

(H([)l] 3 ent - EmN[u) g1 =0
1=1

( AP 43 eH? - B N[2]> g2 = 0

1=1

(Hgnpar] _|_ Z CiH,L'[npar] _ E[npar]N[npar]> y[npar] — 0
=1

(H([)m] + 3 eH™ E[mlNW) yl™ =0

=1

« Multiparameter eigenvalue problem:
<O]' + ZO&ZAZ]> yj =0
=1

Inputs: matrices O and A
Outputs: alpha and vector y

* {Ei=1,...n} — {Cj=1,..n, Ej=n+1,...m} (inverse problem)

Y

0. — H([)j] — EUINUl 1<j< Npar
’ H([)]] Npar < J <M

Y

H7 1<) <npm
—5ZJNM Npar < 7<m

v = C’L 1§i§npar
! Bl nop <i<m
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Some details about the MEP emulator @ HEREHREY Y —

Center for Computational Sciences

= MEP: (@'Jrz@iflij) y; =0 Gii - Gm
=1 K — E . . E
m (;hn e (%nm,®
[ i " KZ — ’LK = 07 — .
Formal solution of MEP: ( ;i Ko)yg, Ys (Z_{)y‘7 _ Z sg1(0)Go(1)1 ® Go@)2 - - ® Gotmym
j=1 ocES,
= sgn(o)K, .
= The matrices are defined as TESm
Ay -- A(i—l)l O1 A(¢+1)1 o Ama A - Am
Ki=| : @+ s A Ko=1| : .
Atm -+ 14{i——1)7n Om 14(i%—1)n1 o+ Amm ® Aim -+ Amm ®
= The problem is intractably large. R =

Unclear how we can select the eigenvalue we are interested in.
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R KS
MEP emulator 5t
» The solution MEP is known, and one needs to solve a huge generalized eigenvalue problem.
« One can construct a reduced-order model for MEP: (/Ci — O@,;/Co) Yy = 0

« The matrix element of K matrices can be computed through training snapshots.

 Also, it is possible to prove the following affine form:

o S

The matrices can be trained through numerical optimization

Hang Yu and TM, arXiv: 2503.01684 (2025) 31



training samples
~120 validating samples e

% RUR RS

MEP emulator: UQ S w0l HEREHAREY Y —
g Center for Computational Sciences
5 —-160 A

= A new emulator that takes observables as inputs. B
g% MAE ~ 0.1 MeV

| 5004 240 g.s. energy
= Mathematically, one can prove 200 -180 -160 ~—140 120

Reference G.S. energy (MeV)

_|_ 4., —|—(Enpa /Cnpag —y =0 .

Numerically optimized such that the training data are reproduced
Input (Energy observables) 1.5
Output (This can be LECs as well.)
~ 1.0-
. . . >
- Afunctionf : {D} — D allows us to avoid the prior 2
o 0.51
assumption, and we can sample P(D | {D}) directly. &
uéj 0.0 1
o ~0.5 -
= We can also extract the LEC distributions as well.
~1.0
Consistent with the CC result in -6 -4 -2 0 5 4 6 8

Y. Kondo et al., Nature 620, 965 (2023). Exep — E21p (MeV)
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MEP emulator application: Matching two EFTs S HENF@REY Y-

= As long as we are interested in physics significantly
lower than the nuclear excitation scale, one can

integrate out the nuclear excitation degree of freedom.

+ Cluster/Halo EFT: V = Co + Ca(p® + p*) + -

Usually, the low-energy constants are optimized with
experimental data.
If we have an accurate theory, the LECs can be fitted to

the theory calculation results.

= MEP emulator allows us to extract the LECs.

Center for Computational Sciences

Momentum scale

(

L | |
T p— >
™ M ChEFT p

n
Along )
Ashort

|
1 1
k Gluster EFT V 2HEex

‘ A view with nucleon degrees of freedom
By

@ Matching

' A view with cluster degrees of freedom
x
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MEP emulator application: Matching two EFTs S HENF@REY Y-

Center for Computational Sciences

n+a (1/2*) p + 140
0 1.2 .
Input range ™ :‘XEP'dRaTaat”X
5 X  Exp data P
T —207 —— MEP-NCSM A
S MEP-NCSM JISP
2 o) « MEP-HORSE A
5 MEP-lattice
® Lischer =
9 u
s —007 2
! 38
c
_80 .
l&s” MEP-Rmatrix
5 1607 = v MEP-HORSE
) 140 - i X Input range
S * § Expdata
g 120 7] ?‘ 0.0 T I 1] T T T T
o i 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
£ 100 A e Ecom (MeV)
O - - -
5 801 o J* ES® (MeV) I%P (keV) ENEY (MeV) IMEF (keV)
L o T /27 1.27(2)(2) 374(70)(1200) 1.25(3)(10) 379(14)(50)
F— 5/2t  2.81(12) 251(26)  2.83(5)(20) 265(20)(50)
40 =3
T T T T T 34
0 2 4 6 8 10 12 Hang Yu et al. in prep.
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Summary S HERFHREY 5 —

Center for Computational Sciences

= There are some issues reproducing data.
+ Charge radii in Ca isotopes
<+ — many-body (cluster, octupole, ...) or higher-order operator?
+ Beta-decay halflives depend on employed Hamiltonians(?)
<+ — useful to constrain Hamiltonian? (But it is a complicated observable)

<+ Any observable (relatively easy to compute) correlates with the beta-decay halflives?

= An emulator would play an important role in improving the nuclear forces.
+ MEP emulator allows us to skip potential statistical issues

+ (and MEP emulator is also applicable to the scattering problem)
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