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SiiRsE AR T AE A IEATS, XA T B0 PR LA 3
THRAMER SR IR s Z A AR Y
FIARAEAEH]. A, T QCDIKAEIRMA R, B
Fe NI M AT A% T SR L RIME RS, T e 2 e T
FHEE %A1 (chiral effective field theory, yEFT)AYHE
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AP, XTI R G AT R ) B — T R B 2 A T
. 20224F % T A% 2P B UCE S, AREE
— e S ) A% X T ) FE AR,

FRA TR L e B — PR P 2R v U T
—FAE R, P aiEReig oA g5 R ol R aH R
TAEI T B GamowFe I (NCGSM)!' | Gamow5E
BRI (GSM) I FI Gamow A A ) TE 4 AL BE (G-
IMSRG)" 22, 35087 1 5 46 e 1) S5 — VBl e 3
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NCGSM. GSMHG-IMSRGJr i fii FH T &2 ah i 25 [H] (1)
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R
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HT2.6 Me VLR FE R A12.3 Me VI MR 58 15 14 7
T XS E20224F 453 TSI A JEse, S
P BN 3 *Heil HH SR s I 2 1 pu bR A,
SEHIN E B RS Y0 R S IRATA IS TE S YA
METR, RAES—PEFEAELL N A0 5 1Lk
TERON, A BEXT XA R AE R A R G TR
k.

TEMCERRD [, FRATHE— 2 B e Ty vk T
FEH . HeM*Lirh f sh & Rk kg =2 (1 [R1( EAH B
AP0 S A AR TR A, PRER S SR 2 A0 1 SR
AR, AE2FTR, TR RS R S I 1S58
PARGF W&, I H AR T b i[RI X B P fe ik
N7 HFE D RN T, AR S
iR, SECL AMRERRM, mi*HeM Lidh ih T24
T2 B ECHE R S8 SR . 7EXSk R
Hh T A B [T AR A SR g R 3 S A S
NCGSMJ7 B 1) 4.

3.2 NzLooptﬂ]NzLOsat

R0 FAER 7 P LECs i 32 36 5 5006 1Y
SR, X WEE— AR L, XU R AR T
W IR, BEE POUNDERSSS £ SR ML R &
Ji&, [ LA B AN LECS BN T fE, X A T
N’LOgpTHIN’LOG P T FAEA% J7. NLOpfi:
— AR E AR, HELECSIE X% 1% 7 Bt
PEHAT RS EELA TR . R I A X
SARTITTHR, (AR ELRIR AR, A R
ISR TR R L L | IR A Y SR
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LGSR

N’LO, JUTERLS Hems FiEHh THER 2, BHR
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Figure 1 (Color online) Experimental and predicted resonance energy
and width of the 4n system['®?*!, where red diamonds and the heights of
green shadows indicate energy and width respectively. The 2019 values
are our NCGSM predictions
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Figure 2 (Color online) NCGSM results of 4=3, 4 nuclei®, where the
red lines and the heights of yellow shadows indicate energy and
resonance widths, respectively
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IMSRG), A FINLO,, A% Syt Adk, XBe, C.
O. Ne. Mglalfy RIS e E M AP AEHT TR
GirwFaE . ML SR FHERIE A IMSRG T ik,
D-IMSRG{#i F T 245 i) Hartree-Fock(HF) 3%, fEMLH
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A JE I Z2 A% PRECAS P LA BRXT PR, 75 2L A 4
AN A B R R B BR X AR M. an 3 o,
NLO,, REMSAR L LK SE R R EE RS A AR R, 401
JEAE R FRIN =20 5055 55 IX 8 Ne . Mglrl {5,
MBI EIE SR TR, X R T %IX
R PR ZU A AR A FHE. % 8 TR (S B AYD-
IMSRG S ERE I A 25 [M]IMSRG  (VS-IMSRG)ZZ [E] A
AT DL H AR S0 2 A iR R 1, Ho2s AR Bl
PRI S AL ARV A 3 bR, WEI4FR, SRIMHE
HLf AR T, AR — e P IR gAY
SERD IR A, TS T EM I R G
PEROIRAS. X — A2 P ENLO,, A5 AT, TR iy
JUF- A5 TFAE A 0 A ] s A9 — A ok e 0L |
AT, P —MERR AR R 7 1) = ELAR v FE AR 1 1Y
1 B IE (U0 = A4 1 726 N T LOBY T k) LA KXo i fp 20
FEE IR,

B TIBAR, Sl o A% i 2 5 oA th 38 56

L, Hop AR R . AR R
2Rg, WAL T 25 MR HBerggrendt & #Ga-
mow-IMSRG  (G-IMSRG)J5 51, f HIN?LO,, Fil
N2LOg M HM M 3 B HEA T T3, KSR, B
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FRESEAS ROV B, R0 LR PR A 1 1 4
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BRI/, MaE T SR BEMSTIMAEZZ
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R Ao i B 1 ST AR I AE AR A S 3 1 Pl
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3.3 Magic force, 1.8/2.0(EM)
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MTFAERE T 22— %8 1 B PIARTR 43R T NPLO gy
B AR B B B (similarity renormalization group,
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Figure 3 (Color online) Calculated ground-state energies of C, O, Ne and Mg isotopes

1291 compared with data
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Figure 4 (Color online) Calculated charge-radii of C, O, Ne and Mg isotopes?®” compared with data
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Figure 5 (Color online) Calculated ground-state densities of **C, in
which G-IMSRG calculations include continuum effects™”
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998

Ne12t—F1/2*
18Ne0+—>18F1+
2000+—>20F1+
200" —2F1;
P20 —22Al1;

| 21F5/2" —21Ne7/2"
2'Na3/2*—2'Nes/2+
& 21Na3/2*—?Nel/2*
22F4+_)22Ne3+
21052+ —21F3/2*
ke 2IMg5/2*—*Na3/2*
00" —*F1]
2IFs5/2t—2Ne3/2*
228i0*—22Al1t
22Na3+—>22Ne2*

._.
n
T
1

|M| experiment
(=}
& -
T I
1 1

1 1 1

0
0 0.5 1 1.5
|Mg| theory

6 (R4S R £20) {1 FH 1.8/2.0CEM) P A i = A Ty %F A=20 B ik IX.
GTERTSEFF IR AR5 LR Y He g

Figure 6 (Color online) A~20 GT transition matrix elements
calculated with 1.8/2.0(EM), compared with data
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TIPS M EN LOpy. %A% 1A
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Figure 7 (Color online) Calculated **Co and *Fe spectra using different chiral interactions, compared with data
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Understanding the microscopic interaction between nucleons is one of the primary goals of nuclear physics, connecting the phenomena of
the atomic nucleus with the fundamental theory of the strong interaction, quantum chromodynamics (QCD). In recent decades, chiral
effective field theory (yEFT) has established itself as the theoretical foundation for this endeavor, providing a systematic and improvable
framework to derive nuclear forces consistent with the symmetries of QCD. Coupled with advances in ab initio quantum many-body
methods and computational power, this approach has extended its predictive capabilities far beyond the few-body systems to medium-
mass and even heavy nuclei, covering both stable isotopes and exotic, weakly-bound nuclides near the drip lines.

This paper provides a systematic review of our recent progress in ab initio nuclear structure calculations driven by yEFT, with a
particular emphasis on theoretical developments tailored for nuclei where continuum effects are important. Traditional methods like the
no-core shell model (NCSM) and the in-medium similarity renormalization group (IMSRG) often use a harmonic oscillator basis, which
is fundamentally limited in describing the spatial extension and decay properties of weakly-bound and unbound systems. Our team has
pioneered a series of potent quantum many-body methods utilizing the complex-momentum Berggren basis, which naturally incorporates
continuum and resonance states through a generalized completeness relation. These include the no-core Gamow shell model (NCGSM)
and the Gamow-IMSRG (G-IMSRGQG), successfully extending the ab initio map into regions where continuum effects are crucial.

A major achievement using NCGSM with the high-precision N3LOEM interaction was the theoretical prediction of the elusive
tetraneutron resonance, an unbound system composed purely of neutrons, which was subsequently confirmed by experimental
observation. Furthermore, NCGSM was successfully applied to 4=4, T=1 isospin triplet, correctly describing their wide-resonance
characteristics and the effects of isospin symmetry breaking.

For medium-mass nuclei, we introduced the deformed-IMSRG (D-IMSRG), employing a deformed Hartree-Fock basis to effectively
capture static shape correlations, which is essential for studying the N=20 “island of inversion” region. Utilizing optimized chiral forces
like NZLOOpt and NZLOsat, our calculations accurately reproduce the ground-state energies of Be, C, O, Ne, and Mg isotopes. However,
a persistent challenge remains the systemic underprediction of charge radii across various ab initio methods and chiral forces—the
“radius puzzle”. We demonstrated that the inclusion of three-nucleon forces (3NFs), as in the NZLOsat interaction, yields a more spatially
extended density distribution for halo nuclei like **C when properly treated with G-IMSRG, offering a better agreement with
experimental radii and underscoring the vital role of 3NFs and the underlying fitting strategy. The importance of 3NFs was further
confirmed in the description of high-spin isomerism, where the presence of a three-nucleon component was shown to be indispensable for
correctly reproducing the spectra of nuclei like **Co and **Fe.

Looking ahead, the development of yEFT and quantum many-body methods remains a highly active frontier. Future efforts include
pushing the chiral expansion to higher orders (e.g., N4LO) to reduce systematic errors and rigorously test convergence, refining global
fitting strategies to better constrain 3NFs, and further investigating electroweak current operators to resolve issues like the radius puzzle.
Crucially, while most current many-body calculations non-perturbatively solve the Schrodinger equation, an exciting and highly
challenging frontier involves employing perturbative many-body methods with chiral forces. This alternative approach holds the promise
of providing fresh insights into the long-standing discrepancies of non-perturbative frameworks and serves as an independent, valuable
avenue for rigorously testing the consistency and predictive power of yEFT itself. The synergy between advancing yEFT, robust quantum
many-body methods, and refined structural observables will continue to deepen our fundamental understanding of nuclear interaction.
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