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Figure 1 Trend of ab initio calculations for the nuclear A4-body
problem[w]. The bars highlight the years of the first realistic
computations of doubly magic nuclei. The height of each bar
corresponds to the mass number 4 divided by the logarithm of the total
compute power Rygpsoo (in flop/s) of the pertinent TOPS500 list (https:/

www.top500.org/statistics/perfdevel/). “This work™ gives the calculation
in year 20221

A7 BARIMSRGAR H R AT D148 v 46 i
BRI BN Z 8 LR — R 2 —,
{H R IMSRGIGHEAT R 1A 55 o Al ol A o a8 A% LA K
HABRNEIEASE BA BRI R T, A
A ARATRE L X PR E A P R
K & B R T IMSRG T i — M 7EGamow-
Berggren# 4 () & 51 %5 [i] Gamow IMSRG(G-IMSRG)
Ji, TSR BrE I AR &R, BRI RAAbHES R
AR R AR % 5 —Fh R AEIE AR HE T AIIMSRG(de-
formed IMSRGHED-IMSRG)7¥:, AJ IR IR
S8R P S FAZ A T B 110 R B AR

1 Gamow IMSRG

Wt B — PR A AR B i R, ok
2 A ANRRE ST ROR Bl A A8, A 55 TR A
WAL BT TR . IEISCER(15] P ATk 3X
AR B BROR S R S R A, 32 3 A R RN 2
AR A, & TP O T 2R S8, T
P TARK I PRR. e R CLREA-AF F, F Rl
T BT R ZE R AR ELAE F T AT DU A R e Y
AR, BB RS A R R A SO AR R Ak
PRI, ML SRR T A — R AT R A A A
AR, 0 BN IR HLRBIAR K 5
FERA(NERER . SRR PR A SRS s
AEIIRSS) . SHUNESE & AR RS
ARG AVEOH R SN B, BT B R E &
ARG AR R R PR A A L B T
TLFR R SR RGP BORE T BV, WA
245 PR L EE R AT A SRk R

MBS T e, AR — PR R AR E
555 RCAH L ZE N TR A IR RE A 0 RS A i ¥ B
FEI7 ). Ve T ABINZSEL, REn] SEHE
N FAR S B, SRALE SR ATE A e T, i
A LATE TAEA 051 W B Al E 7 e 5 B A Bl
QCDIYIK R, 4 R ZHOR — PRI RH R TEE
R T, BARIUS 1 E RIS, (B Y
BREE. T2 AR TR IR TIOR3 W) A RO
WG R R R AL R SRR . 3O i TR
RIABIEIR T35 A= 0 05 pRBCRAT e 39T i >R i
EATA, HORRRAER), AIRRA R, Toka S
SRRV, R IE A AR 58 R A AN R T
USSR RO PR, i BEAE BRI T I [ i 2% i sl

1017


https://www.top500.org/statistics/perfdevel/
https://www.top500.org/statistics/perfdevel/
https://www.top500.org/statistics/perfdevel/

M % d & 20234378 He8k HoH

A HIREMHU B,

EHT, AT DM 5 % e i 000 19 55—k
BEEEAR: 454 RGM(resonating group method)f)
NCSM(no-core shell model with continuum,
NCSMC)[zg]\ Green’s function Monte Carlo(GFMC)DO]
DI K #EGamow-Berggrenge 4 fiyno-core Gamow  shell
model(NCGSM)P'* | &z MBPTV Y& 2h i
CCP 1 JHeoh, — st/ A5 kB T LUOKS B il i A% 1
Bb T 5 RAT SO R Al I 14%. g ENCSMCil
1 45— Kb BREEFA IS N T DL SE G A2 A 2R RS
KA. SR TNCSMCX A SR ERF R, BT
HAEX T EA<16891K R BEFTHA. NCGSMIENCSM
7EGamow-Berggrendt s T B s, w7 UG — kb
WA RS USSR, (A& FNCGSMZ
— M el B ATTEIE, MiGamow-Berggrendt & 1Y
BH B K TR HREIRTIE0S, N LR AR 52 X RRIG
B 2 RIS FE, INCGSMJRI FRAE LA
T R IX (1 T 44<6). S HMBPT! "1 Ga-
now-Berggren T [ W 25 i 8 15 41 8 1) O-box AT & 4]
T A S A2 (R 2S5 P SE A AL S S A A 2
A TIRF A, DN ITAS B4 25 (] A4 B S A 000G 25 i
. &S AR CC i i Gamow-Berggren 51 %
HELERN GO, (HJR R BRAE TR A e iR A% 58 1A
FERZIMIR— P F IR R, FEIXLERFR R, 4]
P Y R 1 T 76 Fit Gamow-Berggrendt T A/
AR TR ALBE S (G-IMSRG), T LAt i3
B5 T RN T R A 55 AR AR D SR R AR A%
TRBEMUA T . PR T BE (3035 A8 F54m) LA S A BR AT
YrH .

HRHGE H AR 3EHilbert2S 7], Gamow-Bergg-
rend& 25 [A] (—frigged  Hilbert2s [0]) 20K i 5 15 7 FE#fE
R g E, A ER AR HRAMEER
BEHURE SIS —H e w8 R, U AT DL Af A 3
T AR MR A RN T S A U R B I R R A
Berggrend& (i) HAR B HESL 1] L 225 SCHk[38~40]. i
HAJIMSRGIH AR B T OB IR F 51, 206
IMSRGH#i & 2| & a1 2% [8] i) Gamow-Berggren £ 4 2>
R KPR, — 5 T, 76 1EH AU Hilberts [|] Hr, 1555
i & LKA, AN FOIMSRGR 7 FEAY A T 218 e
Ki9. HiEfErigged HilbertzS[0], Myl AL, 17 HEE
K, HEROTAE R T ROEAE, XA ERRATTE e AR
A FHRAHER TR A, HIA i Gamow-Bergg-

1018

rendEHARF WINME. 55— 7T, A THAE AL %S
[B] GBS PRIEAE SR i 370 R s 0 20 i A A E X f e A
B AR, Gamow-Berggrendtss [A] SR 5 Mo S23E, X fi
BT PR L7 B, SEG R R R, .
T " % J& T Gamow-Berggrend: i IMSRG
e AP ANHT 71k 44 FGamow IMSRG. A 3CLA
SRR ORI, P NTAEA SOHIE P =1k
1% J1 1 & 1 Gamow IMSRG W FH R 5.

TERRIFI AL 2Bk rh, FET T TR — A C 2
¥, PCRAERR, WiPC AR, FLCCR T
Borromeant%. “CJ2dE s, Wi CAH I gL ClRlfiz
R TP TR E. RS R R —A
S (halo), SZE PRI AR A3 .44+/-0.08 ek
#3.38+/-0.10 fm!™. 2CHYES AN 2w W 8, T
i A T A A A B0 B ) 43I 4 2 (RIR AR K
AL R, BT LI CIX AR X R AR I T AR
K. AT Gamow IMSRGZA ! T & Mi—1E
ISR, K2J8R T Gamow IMSRGH . (2C%
B, R A T A ZUHIENNLO,,
NNLO,“HHEAER. FAi1& % T Gamow Hartree Fock
Ik, X PFFEA 303718 4% 1 B 16 H7 AE Hartree
Fock Gamow-BerggrenttZe*!l, NNLO,, A HAEHI AT L
TEBA =R 0O R B 45 A e . A RE
W HLALE LAY BORAS AR, INNLO 24
WA T3 0 = AR g e — R [R) B 406 - A% B0 AR
LA Ky — B LR AZ ZE R K. NNLOG, 1] LAAR G- ik
JE TR AR TINNLO,, 24 H 9 A 22— 1
SCIGME/N. MEWT LUE LR B, M AL SR T3
% FBYIMSRG(R-IMSRG), Gamow IMSRG%5 i 1 H K
SR = NPT e 2 e A S Al [ET N = M
L5, AT RSSO Y, R-IMSRGH HINNLO,,
K S22 12 2:2.798  fm, NNLO,, 25 E R
2.983 fm; 1245 fEELSEAMN G, Gamow IMSRGH
JINNLO,, 4 112,928 fm, NNLO, 45 113.139 fn. fifLA,
A LIS SR 5, RS SN P CHY A8 A T,

K34 T 2RI R 1. FRATTAT L T 1R 5
FR-IMSRGHIAT LA Gamow IMSRGIHZE R, AT
PIER, X THIRE, FRiESBMNE, G- IMSRGH
TR E. F3LAH T Gamow IMSRGH %
JEARTRIBerggren /P 25 5. N B Fdy 20 (1 45
B Wi, Fllds 53 Berggrendik it 5 57T LI F): C
IR RIS B2 TP s i FRATE 3,



1OU T 1T

= G-IMSRG, NNLO

10~ E 20

- - RIMSRG, NNLO,, E
102 --=-G-IMSRG, NNLO,, —=

........ R-IMSRG, NNLO,

.....

.....
o, ~.
~.

Y |

Il ‘ L1l ‘ 1 \"I 1 ‘ L1 Il

0 | 2 3 4 5 6 7 8 9 10
r (fm)

10_37\\\\‘

B 2 FHETHEALER bR R AP CHEA L . R-IMSRGHEIUSLAE I AUIMSR G 4%, G-IMSRG#4 i1 T Gamow IMSRGIZESE. Ayt 1Y
INEI T IR AR R IO ER A 1Y B . Copyright © 2019, the American Physical Society

Figure 2 Calculated zc ground-state densities displayed on the logarithm scale™". R-IMSRG indicates the real-energy IMSRG calculation, whereas
G-IMSRG is the Gamow IMSRG calculation. The inset details the densities in the central region of the nucleus with the standard scale. Copyright ©

2019, the American Physical Society
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Figure 3 Excited states in zc predicted by Gamow IMSRG with chiral NNLO,,, (NN) and NNLO, (NN+3N) interactions™*'’, compared with the
complex CC calculation (G. Hagen, private communication). Resonant states are indicated by shading, and their widths (in MeV) are given by the
numbers nearby. The channel(s) given at the top of the panel indicates that the partial waves are treated in the resonance and continuum Berggren

representation. Copyright © 2019, the American Physical Society
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Figure 4 Ground-state energies calculated by D-IMSRG with and without the projection correction for ¥Be and '"Be, with respect to the basis-space
size Nshcll[54]. Symbols below “Extrap” represent the exponential extrapolated energies to infinite basis space, based on different data points, from left to
right, Ng,=3-7, 3-10, and 6-10, respectively, with the fitting uncertainties given by error bars. Extrapolation uncertainties in NCSM and VS-IMSRG
calculations are also given by error bars there. Experimental data are taken from AME2020". Copyright © 2022, the American Physical Society
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Figure 5 Ground-state energies of C, O, Ne, and Mg isotopes[54]. D-IMSRG results are extrapolated to infinite basis space based on Ny, =6—10 data
points, and the VS-IMSRG results are extrapolated based on N, =8—13. The valance space of VS-IMSRG calculations is both protons and neutrons in
0ps3p,12 for 6 14C; protons in Ops,, and neutrons in 18y, 0ds, 3, for 1 22C; both protons and neutrons in 1s,,, and 0ds, 3, for O, Ne, and Mg isotopes.
Experimental data are taken from AME2020". Copyright © 2022, the American Physical Society
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Over the past decades, ab initio nuclear calculations have made dramatic progress, especially reaching the heavy mass
region as *%pp recently. These advances are driven by the concomitance of different factors. First, the chiral effective field
theory (EFT) provides an efficient expansion and consistent treatment of both nuclear forces and electroweak currents.
Second, renormalization methods for the nucleon-nucleon potential, in particular similarity renormalization group (SRG)
significantly improves the convergence of numerical calculations with respect to basis truncations. Third, novel
developments of accurate and uncertainty-controlled quantum many-body methods were carried out. Finally, the
availability of high-performance computing resources has tremendously been increasing.

As one of the powerful renormalization methods, the SRG has been applied to soften nuclear forces for ab initio
calculations. Recently, the SRG method was developed as a novel many-body method in configuration space, named in-
medium SRG (IMSRG). Since then, the IMSRG has been further developed, which includes multi-reference IMSRG,
valence-space IMSRG, equation-of-motion IMSRG and IMSRG merging no-core shell model. The IMSRG has become
one of the powerful and predictive ab initio methods. However, neither of these IMSRG variants can describe weakly-
bound nuclei due to the use of the harmonic oscillator (HO) basis. Moreover, open-shell nuclei with strong intrinsic
deformation or shape coexistence remain a challenge due to the strong static correlations.

The present paper summarizes the development history of the SRG and reviews our recent work on two IMSRG variants,
named the Gamow IMSRG (G-IMSRG) and the deformed IMSRG (D-IMSRG), to include effects from the continuum
coupling and the deformation within ab initio approaches. Weakly-bound and unbound nuclei belong to the category of
open quantum systems, hence the coupling to the continuum profoundly affects their behaviors. The complex-energy
Berggren basis provides an elegant framework to treat bound, resonant, and nonresonant continuum states on an equal
footing. In the Berggren representation, we developed the novel ab initio G-IMSRG method which can describe the
resonance and nonresonant continuum properties of weakly bound and unbound nuclei. Starting from chiral EFT two- and
three-nucleon interactions, the Borromean halo nucleus *’C has been calculated by the G-IMSRG. The halo structure is
well reproduced, and low-lying resonant states are predicted for the future experiments. To capture the strong collective
correlations, we developed the ab intio D-IMSRG approach starting from an axially deformed Hartree-Fock (HF) mean-
filed. Important deformed configurations are efficiently included in the deformed basis, which is more efficient for nuclei
with strong intrinsic deformation or shape coexistence. The calculation under the axially deformed HF basis breaks the SU
(2) rotational symmetry (particle positions and internal spin states) associated with angular momentum conservation. The
broken rotation symmetry could be restored by angular momentum projection. Nevertheless, it remains a challenge for both
theory and numerical computation. We estimate the contribution from the angular momentum projection by the energy gain
from the projected HF. As a proof of concept, we calculated the deformed (2-alpha cluster) $10Be using chiral EFT
interactions. The calculated D-IMSRG energies with the estimated projection corrections agree with the “exact” results
from the no-core shell model, which demonstrated the capability of this new method. After validating the new D-IMSRG,
we systematically investigate the ground-state energies and charge radii of even-even nuclei from light beryllium to
medium-mass magnesium isotopes.

ab initio, chiral effective field theory, nuclear force, in-medium similarity renormalization group, continuum
coupling, deformation
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