M % b

2026 % HF71E 4 :942~0952

N\

FERAFEAYERRITOE EEEE

YRR Z AP B

T, H AR
1 AuRORE B e, B SO 4 [ B R S0 =2, bt 100871

2. P ERFEGGLAC BT ST, BT R L, B 516000
* &R N, E-mail: frxu@pku.edu.cn

%), CRITRRE) Jekiit

7 SCIENCE CHINA PRESS

@ CrossMark
<

2025-09-25W ke, 2025-11-031& 01, 2025-11-054%52, 2025-11-06M %% i & %
[H % & ST & 11K1(2023YFA 1606401, 2024 YFA1610900) A1 [ 5 H 4R R 22 3£ 42(12335007, 12035001, 12535008)% B

WE ETENE —EREE@binito) It EFERAZERRXWEE. F—HERBTHTENEILT-HTHAHHE
BHIALBAER, ERTENET LA EZINT RENNREHEL. AL ER R, £ - RETTETRK
BMTHNSEK, R B ELA, ETENERP A ENE. AXERT KN RALEE —ERE L KRR EL
FEMHER, TH TN =20 % & F T EPFEPNeW KK L, AR T FAEZMKA X R G R T HFFEND
B, MR B E - RELRUREREERRER, KT+ TLHEN = 50/ L F &R R R KT 58

X
Kgia

Ji 7 A% A W) o 425 ) ) B S R IR, 1 18964 DL b )
IR R IR SRR PR B R LASK, 24 B UG 24 b T W) s B}
PRV, AR RARIR 7815 70, BEXHA )
Jo S A A il S R A AR L e NS AR
A7 7= A FE R ).

fENHR TS5 TR ERE T2 H RS, 5
A% BB AR FT 18 P9 7 T SR BB e — 2
T A B, % 12 %5 v, IR TA) S AH ELAE
(078 4 AH EAE R AE AR H R Z IR & 1 (.3)
71 % (quantum chromodynamics, QCD)7EREAR A2 3E
L), MQCDH K iR 1% ) Ak WA, H R 21k
] ) AR, T RO AR, Gt Uik
R0 FH M 32 PR, T P A% SR AR A 22 A i e 1 T AR TR R
PRk, THEE MR, FEE 120810 K R,
PR 9T AR K 2 @I R B R 2= 3l b, (B g
R 5 B30 1 A% 454 % SN B s L S AR 2 8, Ak
HE 2 Eh D SI0HE R X ), BRAS TS A IR K I A
S 1, HOME CAZE R AOUL R, DAL Uth, AN T4 o 2 45

F—HRE, ZEBRER, RES, AR

(155 —VE I B (ab initio) T SR B 2 AL, SR
AR A HTA 5 1.
55— PR IR B S DL PR RO e % M AR IS

24 0] FER, DT B 48 T % 5 4 5 R SR BAE H
PRI I AR, AH EEME SRR AY 3 — M R B SR TIN
BN, e iz = B4 R — iR, 55— 1 )5
THE BRI PIA CBE 1] B IS A% ) 5 s (1 24407
15, XA IE R AL IR A T A 32 R

I SEARZ 77 Re % B A% - HUR RS R 5 1
HEIVERT, HABIANZ S 248 Bl — M
PR ARN H f )2 B IS A% ) R AR 2437 1 (chiral
effective field theory, yEFT)#% /111, BIRAFAER T). F
1iE % 71 A 58 QCD 1) J25 A X6 Bk 4 (T He A2 T 1 X AR 4
R K, 1 IRREQCD A R B ik, RERS 1B
% L& B DR I R G A AN E B, H. 24k T B T
PRI B AR B AH L ME RIS JAVIZHP, CD-
Bonn# B, FLIR TQCDIF1EAZ 1 & H i k% 11 &=

Gl 5w

T, VR SR VR IR AR 16, BEAIE R, 2026, 71: 942-952
Meng Z, Xu F. Ab initio many-body perturbation theory (in Chinese). Chin Sci Bull, 2026, 71: 942-952, doi: 10.1360/CSB-2025-5588

©2025 (PEFEE)Y R

www.scichina.com  csb.scichina.com


http://crossmark.crossref.org/dialog/?doi=10.1360/CSB-2025-5588&domain=pdf&date_stamp=2025-11-06
www.scichina.com
csb.scichina.com
mailto:frxu@pku.edu.cn
http://doi.org/10.1360/CSB-2025-5588

B JETTIA).

HT ) B mH RS S K E sy, &
7 A AR IR AR DG B, 7E B & E] R A = K Eh
HIME. XSEERE 2 R R EEER 2.
I, Y EGUISR E T — RV )BT, B
Okubo-Lee-Suzuki (OLS)™. Vigw_cPlv AH Ml B 4 1k
¥ (similarity renormalization group, SRG)!®14%, 7 £ FHK
RE ]I AR AT T, W (Ksh BB A&, Ll 1
TR AL, i 7 E S Sk, T AR 2R — R
PR SO RE.

ForEEErEERX S RS T T
IE N S EBNATNENRE, WEATFE T 2R
WSS mERe vk B R ST, SRR 2 4 1)
R Z AR TT V5] LAY N R, — RAX 2 R i € 5
77 A% B e it 0 AT AT 3 AR, B 2 6 %8S 5245 28 (no-core
shell model, NCSM)!", & ¥ ZZ4F & %' (quantum Monte
Carlo, QMOC)®1, ¥% 55 %714 (lattice effective field the-
ory, LEFT)P146. X K7k H =B 7 8 2 184
o, A TR B &) R e SRR 1 5
THZ(A < 16). 55 —FKITE R G HIT ALK iR 2 148 €
i AR, HOX R Aol a] DU 2 ok, d 44Uk 2 BIRS
fift. X 2 2 K 5 AL HE 2 AR T 38 18 (many-body per-
turbation theory, MBPT)!'% & #i% J7 #%(coupled clus-
ter, CO)!ML, A Jiit AH b = % {k B (in-medium similarity
renormalization group, IMSRG)!"?), [ ¥4 ¥4 #K 2R Fl (self-
consistent Green’s function, SCGF)['3 & i@ i rfel# i1
A R B A 3 [A) /N ) 22 L B ), AT o B rp L
TR, T2022 5L T E LI Po I —
P R B B0

H A5 AH HAE ] 5e A% 4 (configuration interaction shell
model, CISM)!V 5 — 1 J5 B 1 50 o 3 5 & 0T 78 %
M) E BT 2 —. AF R B AR % 45 1 1) B 2L B 0 B AR,
CISM¥ 1% 10 NGRS 5 b 8+, IFEX
O bk AN 73 ), R A 4% 1 R e 78 7E 2 ) B
T8, [ 5 AE 2H 3 5 1)) AR Ak 4E SO R 2 10 Hr s 1) g
e, CISMAAL AU AL HE e 0% [F) 25 th ab BRAR 2 5 =
BT RE EHITHBKS 5T R%%E HIER
fICISMAE H 400 & S 56 Hi s 10 5 50 2 sy 4 i B, E6 A
& T sd 52 IUSDRG % i g 1161 S AN [ A% 7Y 2 i) 75 22
SAIE, TEG i EREANZREL AR

70 A% TR 0 S AF AL AR e 4 2 (] 1Y) G % T B R AL R
W22 6] G Rs B, I ORE H AR 5 42 75 [A] IG5
it 5 AH [, £ 7] HE 2 M A0 3 2 A4 SC IR I [R] i PR A T
ZAREEE TS TR H TS SR A s
i 5 1Y) 7 V2 A MBPTUT 1810 DL AR (1 47 22 B] A Joit
AHALL 5 B2 1k ¥ (valence-space in-medium similarity renor-
malization group, VS-IMSRG)!"). # & %A (A0 H.1E
Ffl(coupled cluster effective interaction, CCEI)!?l, 5%
T 4845 7% (shell model coupled cluster, SMCC)?14,

LT TRE, FAERI BRAIERBNK, BT 2
WO R R, R T BRI 2, B TR
— PR R AR EORREE, GE BT R S r
e, [E N A A R S A A T K
T AR SOR SRR FRATTUR A A B — 1 i B 2 AR T B
W R, e H 2 AP A R S
ARERT BB HELE, Bl 5 /2 = AR JIREN = 20/ 5%
8 DX S AR BT ) 50 LA R KJHIN = S0P I [6] 4%
RER S50 5B IR, B a2 a5 RE.

1 BRIk

JREECNA 5% A B Sy

A o v A A
et S S o
i<j m i<j i<j<k

Hrbp ki = 2P W T3 E, mAk T mE, v
HVNGRIWE )1 S =487, T BB = Ak D)
FTE 2%, B EN A5 2% 5347 I HEF (normal
order). fEEMR, — ARSI AE =46 I E 2T
MR, 20 IERUHE T J5 IR R = AR A% 0, X B AR O TR HE
¥ W5 44 32 fbl(normal-ordered two-body, NO2B)1??), 1f 2§
— VR T AR .
W% 22 A I L) 4 L A SR 2 AR o 7 125 O

HY,) = E,|¥,), (2)

MBPTRE 3 DL B0 A A0 ) i 3 WU H 7y N AES B
FHH) R85 Ho S ML ) H -

H=H0+(H—H0)=H0+H1, (3)
HoltIARME 772N
Hol®,) = EV|D,), 4

943



M Z BB 20wFE28 BE L4

@,y — A T — (3%, fEX IR N H T
RS U R B IE, DAIRE G A A B R R
MBPT S 26 23 AT AT 4RATE 92, 30T 4F SR A4 F SRGHX
k. J5 4% 73, T-Hartree-Fock(HF)2E T #F 7TMBPT(HF-
MBPT) s St 43 23F B 23], HE-MBPTHC S LE 4k
T3 N FIMBPT(HO-MBPT) % #, /& [K NHFf# 2 7k &
W R B AP L. 7E R E TSR, HE-
MBPT:4- 2 i ity 2 i B H Ny

Hy = Z E,-ciTci, (5)
Horhre NHF UKL BE, o] e, A bl 17 48 15 KA.

TE LT P, M 1A /KA R 2 (] o R s
HR ARG 4 B2 A 8 25 (8] S oder:

P= 3 0,0, (©)

VE I nodel
HANETFNQ = 1-P. AL 2 [H]4B AT B A P2s [a], 4023 1A]
B Q73 E]. % T 5EMBPT, P75 8] R A — 4, i 218
T 1) A 7 SlaterfT #1320 T-IF 72 #%, P2 (AT A CISMIE
HUR A 2 1)

LASOR T 5 8 i, 5 BUCO N % 585, BT A5 Al fg 1)
HEE2p), 3plhy, [4p2hy2E, pS5h R A X100 K
TR A3 F TS, BRTHUE
118204, Q)M LEHUA FI102 DL, 4% % M A2 A
Al BE . FECISMAKE B2 Py, 1O 15 M 1, Rk, JF
B 1) R S B 7 B 7S fE sd 7 N, IXRE O L2598 12,
FH[2v) 7K B 1 P2 TR 4E st R 66 1. [RIL, 35— 2
2 PR AR B 1 1) 32 AT 45 it A A0 8 S 56 K0 b A B
NIITFAERZ F130(10) B A T AR A T e B 4 25 1)
(1 2 T

11 AR EEE

10 58 $ 1 Av JR A8 Ry A T 4 B D, fR R R
6] Anoda B KU Nd, Hd < D, %00 % & 20 H bx

FEAR B —ME FIAE A oael IR R Hegr, 195 2
HgP|¥,) = E,PY,), v=1,..., d, (7)

P T AR ALL AR 36 B PRAE B I AR EE AR, X HEAT AL AR
i

H=X"'HX, (8)

944

PR B P2 IR, FRATAT R 3 5
Heg = PHP. 9

T AR R EX LR (). A, WTREX = o
Lee-Suzuki 8424 Jl i /&

PwP = PwQ = QwQ =0, QuwP = w, (10)
I, X = e = 1 + w. HEHIIAL T FE:

HX'W,) = E, X', (11)

Ik B BRI B Ja FAES X Y, ) B PASE)  BEN

PX'|¥,) = P(1 - w)I¥,) = PI¥,), 12)
PR, SR
QHP=0 (13)

e CRAE (7 AL. IX RN IR R A . AR R 2,
VS-IMSRG, SMCCIX ™5 25 W % i 5 77 V% [ A 25K
BRSPS R VS-IMSRG A 4 IEAE i Lee-
SuzukiBHe AN 2. E L IEAR e 7G5 B HegEAT PRIFAE
TEAE I JERAL, P32 2 20 28 4 F

M R0 (13), A5 2]

QH|P + QHQw — wPHP — wPH,Qw =0, (14)

HAH 2] T HoXt /1, PHoQ = QHoP = ORIZ%AF. B R
R S N

H.t = PHP + PH,Qu. (15)

PAO A, A 2k v 5 i B AH ALl A% 4 1 3 A2 o B
TN N TE 6 R ZH 25 23 (] R G Bl B H 22 T A B AR
HeX /e, 13 2] R AE FHAEAN 725 18] sd 52 1R A 285008 5% 4
B Hey. 87 R BL SR AL R o FOGE f AL, B AT 45 21 B
T 55 7 [] P R R L

ARG R B AR R R ) I A AE T IR AL A ]
FIEEI, WA PHOP = goP, iX FR# T Z I8 i 5 .
ik, K JE T A T E T AR 4% 8] [ extended Kren-
ciglowa - Kuo(EKK) /774120 ¥ 20 (15)fC AN K (14), F£5]
ANSHE, FRNBEEE A, fif

_ N IV .
w_kzz(;( D (E—QHQ)k+1QH1P(Heff E)", (16)



2v lvlg 2q 3plh --- 2v
2v | w| Heg
1vlg H H=X"HX
2q X=¢“, QHP=0

3plh

B 1 SO R E RN WA R B . p, kI AR SO
BT 5 25 OR , vAARAE sd e IR, g AR FAE sd7e L L IRRL
%

Figure 1 Schematic view of similarity transformation into effective
Hamiltonian for '#0. The labels p and & denote the particle and hole exci-
tations of the core '°0, v is a particle in the sd-shell and ¢ is a non-valence
particle above the sd-shell
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Figure 2 Calculated low-excation spectrum for 28F with the chiral in-
teractions NN and NN+3N, compared with experimental data®® and the

calculation results with phenomenological interaction SDPF-U-MIX!3¢!,
Figure taken from Ref. [40]
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Figure 3 Calculated low-excation spectrum for 2’Ne with the chiral in-
teractions NN and NN+3N, compared with experimental data®”! and the
calculation results with interaction SDPF-U-MIX!3!. Figure taken from
Ref. [40]
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Figure 4 (Color online) Calculated energies of the 1/2” isomers in
N = 49 isotones with respect to the 9/2% ground states, compared with
experimental data
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Figure 5 (Color online) Calculated magnetic dipole moments of the
1/27 isomers in N = 49 isotones, compared with experimental data. The
dashed line represents the Schmidt limit. Figure taken from Ref. [54]
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Table 1 Calculated reduced transition probabilities B(M4) from the
1/2” isomers in N = 49 isotones in units of 10°2 fm®. Table taken
from Ref. [54]

B(M4)(10%12 fm®
T (M4)(10° g fm®)

Jf‘—)J}'

R E SEIGE
5Ky 2.54 1.41(4)
7S¢ 3.93 1.49(1)
897p 1T 4.41 1.58(1)
Mo 341 1.27(4)
%Ru 2.77 1.18(14)

R2 N=4FTFHRHNL/2" FZFEERK M. RIE CHR[54]
Table 2 Calculated half-lives of the 1/2~ isomers in N = 49 isotones.
Table taken from Ref. [54]

T _ P35 :

LN IE] SERE
83ge 1.99 min 1.17(1) min
8Kr 4.173 h 4.480(8) h
87Sr 5.345h 2.815(12) h
897r 16.580 min 4.161(12) min
9Mo 478 65.0(7) s
SRu 48s 10.83) s
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Nuclear ab initio calculations have currently emerged as the frontier of nuclear theory research. Starting from realistic
nuclear forces that reproduce nucleon-nucleon scattering data, ab initio calculations have achieved precise descriptions
of nuclear structure using rigorous quantum many-body methods. Compared with phenomenological nuclear models, ab
initio calculations are capable of providing more fundamental and reliable theoretical analysis and predictions, without
relying on additional parameters.

The configuration interaction shell model has been one of the fundamental concepts for understanding nuclear structure
since its inception. In recent years, the dramatic progress of ab initio calculations has provided novel opportunities to
derive shell model interactions from chiral nuclear forces. The paper presents an overview of the derivation of effective
shell-model Hamiltonians and operators within the framework of ab initio many-body perturbation theory, named Q-box
and O-box folded diagrams, and reviews our recent work on exotic nuclei and nuclear isomers. With extended Kuo-
Krenciglowa method, the effective Hamiltonians across the non-degenerate sdpf valence space are constructed in the
Hartree-Fock basis to investigate the properties of nuclei in the N = 20 island of inversion. The constructed effective
Hamiltonians are then diagonalized with the shell model method to obtain the low-lying states of ®F and >’Ne, which are
located on the southern shore of the N = 20 island of inversion. Including three-body forces improves the agreement with
experiment as compared to the use of two-body forces only, especially in >?Ne where the first negative-parity state becomes
the ground state. Three-body forces have a significant effect on the relative position between the neutron 0d3/, and 1ps3),
orbit, leading to their inversion and enhanced cross-shell excitations. Our calculations show that three-body forces are
crucial for ab initio descriptions of exotic nuclei.

Nuclear isomers are metastable excited states of atomic nuclei, in which electromagnetic transitions to lower-lying states
are inhibited. The study of isomers provides a unique probe for testing nuclear models and offers fundamental insights
into nuclear structure. We have performed ab initio calculations of the J* = 1/27 isomers in N = 49 isotones 838e, 85K,
87Sr, 87Zr, °'Mo and **Ru near the magic number N = 50 with ab initio many-body perturbation theory. The effective
operators of electromagnetic transitions and S-decay are obtained self-consistently using @-box folded diagrams. The
excitation energies, magnetic dipole moments, reduced probabilities of M4 transitions and half-lives of these isomers
are in good agreement with experimental data. Our results reveal the single-particle characteristics of these N = 49
isomers and demonstrate the reliability of ab initio calculations. Therefore, the unmeasured electromagnetic transition
data supplemented by ab initio predictions hold promise as reliable nuclear data inputs for astrophysical nucleosynthesis

calculations, where isomers may play significant roles.
ab initio, many-body perturbation theory, island of inversion, isomers
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