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Ab Initio calculations for the nuclear shell evolution
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1. Introduction of ab initio calculations
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What 1s ab initio calculations?

Nuclear Force

Freedom: Pion and Nucleon

Requirement: Reproduce nucleon-nucleon scattering phase shifts
Properties: Short-range repulsion and long-range attraction, strong repuls® + }
Typical Forces: CD-Bonn. AV18. xEFT + l >< X

Renormalization
Objective: To decouple high and low momentum, soften the nuclear force, and
accelerate the convergence speed of many-body calculations.
Representatives: G-Matrix, V_(low-k), SRG

Many-Body Methods
Objective: To solve the Hamiltonian of strongly interacting many-body nuclear

systems
Representatives: NCSM (A<16), MBPT (A ~ 100), CC (A ~ 100, 208Pb),IMSRG

(A ~ 100, 208Pb), ACSE (We are developing this method)...
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VS-IMSRG and MBPT many-body method
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1. A-body Hamiltonian A
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2. Normal-ordered many-bodu Hamiltonian(Normal Order)
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VS-IMSRG and MBPT many-body method

3. Valence-space Hamiltonian can be constructed by using the unity transformation
H.s5(s) =U(s)HnoU'(s),(UUT =1)
® Flow equation . fes(s) = n(s), 1(s)
® Generator: n(s) = LUt (s) = —nl(s)

® Unity transformation: U(s) = %) = e/ n()ds

OpOh 1plh 2p2h 3p3h ... = !x
=) = T Q
2 2 go]
e S =]
]
s g =
3 = o ldecouple
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Ab Initio VS-IMSRG method

Ab initio Valence-Space In-Medium Similarity Renormalization Group(Ab initio VS-IMSRG)

» Mainly ides

H(s)=U(e)HOUs) > Advantage:
=H*(s)+H(s) > H"(0) .o : .
) » Realistic nuclear interaction
. Op)lpl] -;lh_' 3p3h : OpOh Iplh 2p2h 3p3h ... A 50 (NN+3N)
7 e re O - g :  Including CSB + CIB
J Lo n(s) 2 -, 1p1/2 - .
¥ T Ty - 0f5/2 * Isospin symmetry breaking
5 : E 1329 in contact and exchange
2| E sl ———————— 02 gecoupled terms
: : 3 0d3/2 «J
2vOh 2qOh 1vlig 3plh .. 2vOh 2qOh 1vlg 3plh .. cicé 1s1/2 ‘1 -

ol D ®® — 052 secoupled * NO parameter introduced
" ¢ 1 - - e - during the calculations
: . z o PP oo 0s1/2
s g proton neutron » “Exact” calculations

VS-IMSRG works for nuclei covered by shell model calculations
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2. Shell evolution 1n neutron-rich nuclel

@ J.G. Li*, Phys. Lett. B 840 137892(2023) AD Initio
@ Q.Yuan, J. G. Li*, H. H. Li, PLB 848 138331 (2024)
@) H.H.Li,J.G. Li*, M. R. Xie, W. Zuo, PRC (Letter) 109, L061304 (2024).
J.G. Li*,
J.G. Li*,
J.G. Li*,
J.G. LI

Shell evolution
IN heutron-rich
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The disappearance of traditional magic number and appearance of new magic

Disappearance of number
maaic number |:| Unknown decay mode A Discovered nuclide with unknown mass appearance Of neW

- Stable nuclei .
b magic number

El B decay P

2 50, i DD 0 B B
h’ "] 4 9]50[ 51] 52[ 53 54] 55 56| 57[ 58] 61]62]63 Sles[eo] 70| Tl s e
V ] Proton decay 7] as[ao]s0] s1] 52[ s3 |y 55 59] 60] 61]62] 6364 ] 65] 66| 67] 68] 691 70] 71J 720 73] 74) 75 7
- 43| 44] 45|46 47| 48] 49]50] 51] 52| 53| 54JER] 56] 57| 58] 59] 60| 61 62| 63|64 65 66| 7l 68l6o] 70l 7172l 73] | |
|:| Neutron decay 1[4z 43] a4 a5[46] a7 48[ 4o 51 55 ro
30fa0[41[42[43[4]45[46 [47[a8] 40[50 [ 52[ 53[5 50
37]38 3940 [a1[a2]a3 4445 51[52]53
|:| Proton halo o 2] 37[ 3839140 1[4 a3 [4a iR 46[47] 48[ 0[50 [51]5
20 33[34|38136]37 38 [397T0] 41 45 47] 48] 29[ s0]51
I:I Neutron halo st o124 |35 36]37 |38 [ELa0 [el 42 |43 [44] 45 [46[a7[ag [a9]50 53|54 s3] s 57[ 555
- F— 31532[ 33[34] 35 B 37 R 3¢ 4142143444546 [47]as]a9, 20 53 s4l -
Neutron-rich nuclei in s D R New magic number
26[27]28] 29303 35 [E01 37 38| 30%0] 41 [42 43 [#a [as]4q[ 7 [+8] %9
4] 25]26]27 ]38 2930 Jeil 32| 33|34 35 |36 37] 38 | 301a0[ 41|42 43]a4 45, [ 4] 7
— - 14 ---- |E2ke3l5% 2slzs 27 31132(33[34[35[36 37 38 [30{a0[4ifaad a3 ]a4 5] Si
th t f N— 8 20 21[22]23[24 {25 26l 28] 290 [SH2[33 (5435 56 [37 sl S5 gl 1 foo 5] N—14 16 32 d 34
e VICInI y O — y ) 20[21]22]23 27| 28] 20] 0] 1f320 33|34 35 36 3738 vfroat | Mg 2 = y y an
| 0[ 21 228E] 24| 25 26 27] 28] 29[ 3031832 33 [ 34[ 351 36 3 385,
1 I [ 26 23|24 252627282030k 1 [320 53 [54] I
28 and 40 are deformed e 18080 20] 21[22[23]24] 25 26| 27 28[29] 30[31,] _ b q
y g 13]14]15 10[20] 2122023024025 26 [ 2728 __ O 8.
16] 1 20[21[22[23[ 2425 1 1 28
6----- 9 [10f1 14]15]1 19020821 [22]23] ¢ : :
N —8 " 1ZBe 6 B 2] 13]14]15] 16 [17]18 19 [20] 21 yi 8 N—14' 220
— . AR M EEDEEES 20 o .
3 819 |10411412]13 : . . T )
- S ST 7 B0 e 14 D Unmeasured (Calculation using ab initio method)

N=20: ®Ne,2Mg gl N=16: 240

D Disappearance of conventional magic number

N=28: 42Si,*'Mg 2 [ Sewmagemmtiber N=32: %2Ca
N=40: 4Cr N=34: >4Ca

Deep understanding of the shell evolution is important for the
study of properties of heavy nuclel
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J.G. Li"

H. H. Li, PLB 848 138331 (2024)
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Based on the ab initio calculations, we use the spectroscopic
factor (SF) and two-nucleon amplitude (TNA) to predict the

one- and two-neutron halo, respectively
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\:| Unknown decay mode 4 Discovered nuclide with unknown mass
. Stable nuclei
|:| B decay
[ Proton deca S ]26[2728]29)30|31 351 37]38]39]40] 41]42[ 43]44] 45] 4647 [48]49] 50
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[] Proton halo Al|21]22|23]24(25|26p% 28|29|30]31|32]33|34]35]36|37(38| 39| 4Q| 41,142, 43,44 |45]46|47
O ~ hal Mg 19(20]21]22{23 27]28[29[30[31[32[33[34[35[36/GD[38( [40] [42] [44] [46]
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3 H. H. Li, J. G. Li*, M. R. Xie, W. Zuo, PRC (Letter) 109, L061304 (2024).
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3. Isospin symmetry breaking in nuclear systems

@ H. H.Li, Q. Yuan, J. G. Li*, M. R. Xie, S. Zhang, Y.
H. Zhang, X. X. Xu, N. Michel, F. R. Xu, and W. Zuo,
Phys. Rev. C 107, 014302(2023)

@ H.H.Li,J.G. Li,* M. R. Xie, W. Zuo, Chinese
Physics C 47,12 (2023) 124101

3 M.Z.Sun,Y. Yu, X.P. Wang, M. Wang, J.G. Li*, Y.H.
Zhang*, et al., Chin. Phys. C(2024)

@ Y.Yu,Y.M. Xing, Y. H. Zhang, M. Wang, X. H. Zhou,
J. G. Li, H. H. Li, et al., PRL(Accepted)
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Nuclear isospin symmetry breaking

»Particle physics level

1. p-n mass difference:

v mass of u-d quark is difference m,, = 1.00782503 u,m, = 1.00866491u
v'Coulomb forces between quarks 2. p-n charge difference:
e, =ee, = (—43%7.1)x107%%

T=1 T=0

» Nuclear physics level 1
v Coulomb forces
v"Nucleon-nucleon interaction &é & & &é
* Charge symmetry breaking—CSB V;,,, — V,,, (Isospin vector)
» Charge independent breaking--CIB) 2V;,,, — (Vi + V,,,)  (isospin tensor)

Isospin non-conserving force--INC

v'Weakly-bound effects

Study the mechanism of isospin symmetry breaking: Coulomb, nuclear forces, and weakly-bound effects...
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IMP,

> Isospin: (approximation)® "“’f;;“ One;x/;ron » Theoretical calculations: shell model
== l;=

In 1932, introduced by Heisenberg

Phenomenological ways:
The properties of mirror nuclel

. Adjusting the matrix elements related to
should be same 1s1/2 to reproduce the experimental data.
Isospin symmetry breaking: EXxperimental results . .
. , ‘ . -
éﬁﬁ%*ﬁ f]‘lé Tg‘ Ig]’fl@lig ﬁjjﬁ: %ﬁﬁ{ 10k —-—-us[;-*wfr-“_m}
(Thomas-Ehrman shift) (Nolen-Schiffer anomaly) | - - oniyelts,;)is modifid on USD
ZAl “F — 2L —— AMEQ2020) ) _ =
- >, Coulomb energy(Uniformly charged sphere) | E 05t
1" 2.145 (2%) 2.006 =
3%) 1.632
*1.625 .
(5%) 1413 D‘q L L L . "1
P "Ne(2)) "Ne(3)) "Na(1/2]) ZAl(1/2]) *Al(1)
1* 0.905 2 0.709
@) 0 No parameter needs to be adjusted
+ 0. 4*) 0.000 ‘i - : ;
ol ‘ TR \/_Vlthl_n ab initio cal_culatl_ons,_ which
J. Lee, X.X. Xu, et al, PRI 125,192503(2020) Y. H. Zhang et al., PRL 109, 102501(2012) Is suitable for the investigations of

Isospin symmetry breaking
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Mirror Energy difference (MED)

Proton

E 4

MED = E,(J,T, Tz = T)EZ(J,T,TZ=T),ﬁ:
deI

Thomas-Ehrman Shift

'z'da'“'|
b
. /1 pE——t=m
495
" “CZ4n
g 407 ab
F 9P 4390 Mgeldad
PP| |355 A § 15,68 FveNdp
g;’ 352 P _r[ 8T Y 10 | Iswe gg
o
D] I dp
py BTS2 < da
dn| >
7 - ny
7 dp T | (o
dt da
an ap
an iPis2 .5+
13 2 I3
N ﬁgﬂdn c

Fie. 1. The energy levels of C¥ and N% below 6 Mev.

Phys. Rev. 88,1109 (1952)

mirror asymmetry parameter (J) :

.
Neutron
ft* l 6>>0

_“_[\ 0 = ft- —1 isospin symmetry breaking

dlf:

s
P PHYSICAL REVIEW LETTERS 125, 192503 (2020)

Isospin Asymmetry in 22Si/2%0 Mirror Gamow-Teller Transitions Reveals
the Halo Structure of 2?Al
22Gi — 2Al Qpe = 13963 keV 20 - 2F Q4_ = 6490 keV
Experiment Calculations Experiment Calculations b (%)

IT E, MeV) br% log(ftt) E. MeV) log(frt) E, MeV) br% log(fr~) E, MeV) log(fr~) Experiment Calculations

17 0905 5.3 (10) 5.09 (9) 1.12 [1.69] 4.81 [4.52] 1.625 29 (4) 4.6 (1) 1.98 [1.56] 4.32 [4.56]C 209 (96) 212 [-7]
17 2145 56.5 (51) 3.83 (5) 2.43 [2.55]3.71 [3.72] 2.572 68 (6) 3.8 (1) 2.58 [2.51] 3.72 [3.68] 7(28) —3.4]10]

Comparing the mitror § decay of 2Si/?20, we found the largest value of
mirror asymmetry (8 = 209(96) %) in low-lying states by far, in the
transition to the first 17 excited state.
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Adopting NN(bare) and NN+3N(1.8/2.0)interaction, VS-IMSRG calculations for the mirror states

PHYSICAL REVIEW C 107, 014302 (2023)

Investigation of isospin-symmetry breaking in mirror energy difference
and nuclear mass with ab initio calculations

H.H.Li,"? Q. Yuan} J.G.Li®,">" M. R. X S. Zhang, Y. H. Zhang,"? X. X. X
—TMhthele, 2 ER. uo'2
ICAS Key Laboratory of Hig n »f Modern Physics,
Chinese A,

2School of Nuclear Science s, Beijing 100049, China
School of Physics, and State Key iversity, Beijing 100871, China
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Large MED iIs mainly caused by the occupying of weakly-bound 1s1/2 orbital
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(1) Calculations of mirror states with large
MED.
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Ab initio calculations well reproduce data ) 1
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Ab initio VS-IMSRG can be used to predict
the spectra for unknown in experiments.

200 0 can be well produced.

 The reliability of our prediction for

proton-rich nucleil.
Jeanguo L¢  Jlanguo_li@impcas.ac.cn
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Collaborations with IMP mass measurement group  see Prof. Yuhu Zhang’s talk

v" Significant isospin symmetry

' _ ' AN NS SU S— breaking in the excited states of Al
2 ol N 6.4, » isotopes
i asp oy o eor » | v/ The ground state of 26P,2’P,2’S, 31Ar
S - dripline exhibit significant isospin
g wwﬂdm- Wﬁf“& g 56 y symmetry breaking
P 2 1 v The similar mechanism of significant
=i [ *1/2: - Isospin symmetry breaking and halo
- (1] “r B structure
il e NM a5 2p,27p 7S, %A are halo nuclei

N-Z

M.Z. Sun, Y. Yu, X.P. Wang, M. Wang, J.G. Li*, Y.H. Zhang*, et al., Chin. Phys. C(2024)
Y. Yu, Y. M. Xing, Y. H. Zhang, M. Wang, X. H. Zhou, J. G. Li, H. H. Li, et al., PRL(Accepted)
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4. Isospin symmetry breaking for the shell evolution in proton-rich nuclei

AD Initio
@ J.G.Li* H. H.Li,S. Zhang, Y. M. Xing,* W. Zuo,* Isospin
Phys. Lett. B 846, 138197 (2023)
@ H.H.Li,J.G. Li*, M. R. Xie, W. Zuo, in preparation Symme_try
breaking
Shell evolution Shell evolution in
in neutron-rich proton-rich
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Stable nuclei
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D Unmeasured (Calculation using ab initio method)

Disappearance of conventional magic number

D New magic number

v" The disappearance of traditional magic number and appearance of new magic number

v What about the shell evolutions in proton-rich nuclei? The effects of isospin symmetry breaking.
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v" Neutron-rich double magic nuclei: 220

v |303pin symmetry breaking for the magicity ® The excitation energies of 220 is well reproduced with 3.2
MeV; Due to Thomas-Ehrman shift effect, the E(21+) of

22Si1s 2.4 3.2 MeV

Whether 22Sj is a double magic nuclei? ® Although the E(21+) of 22Si is small, but the ground state
properties of 22Si/220 is similar.

J.G. Li,* H. H. Li, S. Zhang, Y. M. Xing,* W. Zuo,* Phys. Lett. B 846, 138197 (2023)
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Summary e,

Ab initio

1. Ab initio calculations for island of inversion in neutron-rich nuclei
® shape coexistence and shape transition in Mg, 42Si and *4Si |
® Predicted halo in Mg, Al, Si, P and S neutron-rich nuclei ety
® The study of N=40 and N=50 Island of Inversion Prege

Shell evolution Shell evolution in
in neutron-rich proton-rich

2. Isospin symmetry breaking in mirror nuclei—mirror energy difference
large MED (Thomas-Ehrman shift) is mainly caused by the occupation of 1s1/2

3. Isospin symmetry breaking for shell evolution in proton-rich nuclei

® Predicted doubly magic nuclei 22Si with small 2+ excitation energy
® Proton-rich nuclei near Z=8. 20 and 28 show deformation, which belong to 10l

Thank you for yoar attention!
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Isospin breaking contributions to the NN interaction.

O B 4L g% 3T AR B B 45 Ak IR Fend)F 3R

Order

Contributions

NLO (v = 2)
NNL@ (v = 3)

N3LG (v = 4)

Pion-mass splitting in 1PE,
Static Coulomb potential.
CSB contacts without derivatives,

Charge dependence of the pion-nucleon coupling constant in 1PE (~ € mjz7 /Ai ).

CIB contacts without derivatives,

Charge dependence of the pion-nucleon coupling constant in 1PE [~ e? /(47)?],

Pion-mass splitting in NLO 2PE,

Nucleon-mass splitting in NLO 2PE and LS equation,

7y exchange,

Relativistic corrections to the Coulomb potential (~ €2 Q2/M2),

Further electromagnetic corrections.

TableF.2

Partial-wave LECs for two N’LO fits by the Idaho group [68] using 4 = 500 and 600 MeV in the regulator function f(p'. p), Eq. (4.63). The G, of the zero
order partial-wave counterterms given in Eq. (4.39) are in units of 10* Gev~?; the G, Eq. [4.41), in 10* GeV—: and the D,. D, Eq. (E.1}. in 10% GeV~°. The
last column lists the exponent it of the regulator function, which is applied to the correspending partial-wave counterterm.
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J.G. Li,* H. H. Li, S. Zhang, Y. M. Xing,* W. Zuo,* Phys. Lett. B 846(1):138197(2023)
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