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. Introduction

Il. Theoretical framework and calculations

a) MBPT for closed-shell nuclei

b) MBPT (Q-box + folded diagrams) for open-shell nuclei

. Summary and Outlook 7



Perturbation theory

takes us from a simple, exactly solvable (unperturbed) problem to
a corresponding real (perturbed) problem

Bai Shan

<7 The key formulas in perturbation theory are
H= |:|0 + (H — |:|()) = |:|0 T V |:|0(Dn — Ejr(?o)q)n
<7 In MBPT the ambition is to include in H, as much “physics” as

possible, so that V represents a “small” perturbation
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History of MBPT

Key tool from 1950°s to 1970’s
> Rayleigh-Schrodinger perturbation theory

> G-matrix, Brueckner-Hartree-Fock method

» Valence-space shell-model interaction (Q-box + folded diagram)

« Great depression in 1980’s
> Depending on a starting energy parameter of G-matrix
> Poor convergence of the intermediate-state summations (tensor part)

> Intruder states

7 Today MBPT is coming back ...
» RSPT with soft potential (Viow-» SRG, UCOM, OLS)
> Bogoliubov MBPT
> Auxiliary method (importance truncation, natural orbital basis)
> Realistic Gamow shell model (Extended Kuo-Krenciglowa method)
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MBPT for closed- sheII nuclei
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Rayleigh-Schrédinger perturbation theory
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where Ry =

Eo=EY +E) + EP + EP +
By = (o] V|o)

ES?) = (@ |VRoV|do)

ES®) = (&g |VRo(V — (do|V|dg))RoV|Pg):

Wo = &g + W + Wi
Wi = RoV|®o)

W = Ro(V — ESV)YRoV|Do)
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Advantages in HF basis, compared with HO basis

Faster convergence

Some perturbation
diagrams are cancelled out

In HO basis, calculations
could be hw dependent,
while much less in HF
basis
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RSPT for closed-shell nuclei

i
» Perform a Hartree-Fock calculation . f\”
> HF state is chosen as a reference state H, U " I’“U”‘?
> In the HF basis, make RSPT corrections (8):pa
O Energy up to 3"9order {/ \\,\ ﬁ \e
O Wave function up to 2" order (One-body density) mt }xm gt he
N
E=EO)+E(1) +EQ)+EQR) + - (€):pe1

£ (O EC)

i
Wy =¢HF+ [p(") + [p(2)+

] Vv \O\/ v\/\/
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HF-RSPT calculations for 10 with N3LO-SRG, N, =13, hw=35 MeV

Binding energy

SRG flow parameter A (fm ')

1.3 24 2.5 3.0
Expt. [60] —127.619 —-127.619 -—-127.619 —127.619
SHF —169.968 —133.169 —85.173 —44.102
PT2 —10.132 —29.497 —59.617 —88.326
L3 —0.794 —1.931 —4.630 —7.359
SHF4+-PT2+PT3 —180.893 —164.597 —149.419 —139.767

3NF important !

B.S. Hu, F.R. Xu, et al., PRC 94, 014303 (2017)

Point-proton rms radius

SRG flow parameter A (fm™')

1.5 2.0 I8 3.0
Expt, 2.581 2:581 2.581 2961
SHF 2.098 2.096 2.201 2.345
P2 0.011 0.011 —0.006 —0.042
AF, —0.067 —0.067 —0.070 —0.073
SHFE4-PT2 L Arem 2.042 2.040 2.125 2.230
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Inclusion of 3NF

A A A
: 1\ 7 ,\ P @ 2) ’\r
=30 (1 5) o3 (o - BB+ 3 V=3 A D+ 3 Vo
i=1 ] i=<i<k R =a] 1<j<k
L. 1 ) 1 . )
o 2 (1); s i % (2)1: =+ i AL T g 3 -
AN + 5 DGO + 5 Sk liik) R,
z 1) 17k

Normal ordering

with HF . ,\ 1 )
a V|0 0 i) |t
reference state T Z (<P|H g + Z<P1|H( |qi) + 5 Z(PUWM\- |Ql]>> v
P 1 17

o Z ( (pq| H?|rs) +Z (pqi|Van|rsi) ) pratar

pq‘?".S

1 3
s Z (pgr|Van|stu) : pigtetacs . | = Discard residual 3B part:
36 .

J

NO2B approximation

qrstu

1 .
— Z pq|ﬂf|r R +% Z {pqr|Van|stu) : prgTrtats :
H _ [_’]HF + ";r pqrs pqrstu

W = ((pq|H(2‘1|? sy + Z{pqz[‘/m |7 s?)) gtsr
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ASG diagram expansion when 3NF is included

E(): 56 terms (Derived for the first time)
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ASG diagram expansion when 3NF is included
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NO2B

((pqﬁ(2)7°8> + Z(pqﬂ%zv!r%)
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e

NO2B
approximation:

(pg| Hrs) + > " (pgi| Van|rsi)

(pqr|Van|stu)

(n)
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HF-RSPT calculations with NO2B N2LO,,,, N,,.,=13, hw=22 MeV

NN NN + 3N
Nucleus IM-SRG HF-RSPT3 IM-SRG HF-RSPT3 Expt.
THe —27.36 —926.90 —29.09 —928.15 —928.30
14Cc —133.38 —132.40 —104.16 —105.06 —105.29
o 2o 17972 —18582 114799 -—11395 —119.18
Binding energy 165 _17195 _171.08 —124.13 —125.16 —127.62

20 94997 24603 -—160.02 —1B6.77 —162.03
240 —265.58 —269.40 —166.26 —163.12 —168.97
OCa —610.89 —608.28 —311.47 —320.66 —342.05
¥Ca —783.40 —784.52 —376.75 —370.02 —416.00

B.S. Hu, T. L1, F.R. Xu, in preparation (2018)

NN NN + 3N
IM-SRG HF-RSPT1 IM-SRG HF-RSPTI  Expt.

*He 1.64 1.66 1.69 1.75 1.6755(28)
0 2.0 2.10 2.43 2.57 2.5025(87)

_ “2C 2.05 2.02 2.53 2.63 —
Chargeradius s, 5 o9 2.20 2.67 ATB 2.6991(52)

=G 213 2.10 2.66 2.75 —

250 2,14 2.10 2.70 2.78 —
Va. 2.61 2.58 3.40 3.49 3.4776(19)
“®Ca 2.55 251 3.38 3.46 3.4771(20)
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MBPT for open-shell nuclei

[ Realistic Interaction ]
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MBPT for open-shell nuclei

H=Hy+ (H—-H
/ PHP | PHQ i H=eY9He" / PHP | PHQ \ Y + N 0)
i == HO vy Hl
QHP | QHQ _ 0 | QHQ
\ i =t ) H..=PHP=Pe CHeCP
Kuo- Krenmglowa method (Folded-Diagram method)
Var = O(co) — O'(c0) /chQcO [ Q) [ Qo) -
n) _ A 1 d° Q(EU) (n Nk
‘/eff _ Q(EO) _|_ £ k' d{:é { }
o - QH,Q
Q) = PP+ PIG @H@Q B QHQ Z; E- QHOQ (E— QH,Q

)n

7 Factorization theorem: the core is separated out and only quantities

relative to the core are concerned

7 Q-box is made up of non-folded diagrams which are irreducible and

valence linked
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MBPT for open-shell nuclei

Bloch-Horowitz BH p ) p\W) = [PH,P + PQ(E\)P|P|V) = E,P|¥)

E) = PH,P+ PH,Q —QH,P

Q(E) 1 O oao?th -
1 :i 1 ( OH,Q )n

E—-QHQ E—-QHyQ \ E — QH,Q

n=>{

Kuo-Krenciglowa

degenerate model space Ve(f?) = Q(eo) + Z
PHyP = ¢oP

Extended Kuo-Krenciglowa

i . 1 d*Q(E) . .. |
H —E=PHP-E+QE)+) ( >{H;ﬁ W _ ik
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Advantages in HF basis, compared with HO basis

57 \ \ | | |
Faster convergence — ot T * 180
% 4r y &——e —_
. El : 2 Fo ket ot
Some perturbation Es 50 n = ]
diagrams are cancelled out % ]
g o —
In HO basis, calculations g ) — gt —s 7
could be hw dependent, g F A;?' IM.SRG :
while much less in HF al | | | | | ]
basis Q¥ @2 Q¥ w' u Bw
‘ ' » 5 \ [ S B I S R IR R B
J ] J E
i J— 4__:
g e Y . 2 5
Z
i j j EB 2;—
L / h o r
jA VR S / ) g _li
j j J. S
j i i i 5 _25_
N\ N ety -3¢ harmonic oscillator Hartree-Fock
.MO“@) :OMOQ ® L%:D 4b L I
iy j Exp. 16 20 24 28 32 36 20 24 28 32 36
i i J j ] -hw [MeV]
"es K. Tsukiyama, ef al., PRC 85, 061304(R) (2012)
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MBPT for open-shell nuclei

Realistic Gamow shell model Workflow

Bare forces:
Strong repulsion,
tensor force,
slow convergence

N N

(ab\Vosled) ) ") "(ablap)f | Viow4l8) ydlcd)

asfly<d

(alar) (b]B) = (=1)' s {a| B) (b|x)

pp,NN{ablep) =

(l T Sab)(l = Saﬂ)

pN: (ablep) = (ala)(b|B)

HF;

GHF

a

H=

QE)

EQH

&

A A 1
= PH,P+ PH,Q—————Q

H0+(§_1£I0):g0+g1

E—QHQ

N

H,P

n=0

Up to third order

> QmLQ \"
-2 E- QHOQ (E -~ QI%Q)

J

S

Valence-space effective
interactions

Complex shell model code
(Jacobi-Davidson, N. Michel)
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i i i
Extended
Kuo-Krenciglowa = g
method (EKK) @ @ e
i i k

=
Ha— FE = PHyP — E+Q(E Zk— Ek {Heﬁ_g}k
k=1

el
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Nucleus as an open quantum system

o] (&<

Closed quantum system Open quantum system

well bound g SCattering continuum

Neutroh number ; HO basis J. Phys. G: Nucl. Part. Phys. 36(2009) 013101
6 :
L : L Expt. NCSMC ]
r & 412 417 li 427 492 ] NN+3NFS’ . Neut /Prot ich
Ak g ALt AR ] Many_body operators ! eutron/Froton-ric
[ s — Ly, 3] dynamics isotopes
Fee OO —— I'=151 o . . .
I r=13  T-118 ] » '« Clustering in nuclei
—a 4 2.10 .
E 21 | a ST=0m * New magic numbers
;} o gy ST 1 ’ :\rlmtnnsu:”respnanced
" o010 r=0024 1 . ew collective modes
o ¥ Open channels . Hal
I i alo
g24 ; i S &S
| no-158(4) 14743 T -149
2l Ne3Nnd  NN43N % ] .
T NG (el 1 | Bound, resonant and scattering states may be strongly coupled.

G. Hupin, S. Quaglioni, P. Navrati, Need nuclear theory including the continuum.
PRL114, 212502 (2015) 23



Gamow-Berggren basis

The wave function of a resonance with a peak at energy e, and a width y

. "}--/2
d(e, 1) \/ﬁ[(e _ 60)2 I (A/Q)Q]

U(r)

Through the Fourier transform, we obtain the time evolution of the resonance
hin2

&(t,r) = U(r)ee/h -

b2 =

Gamow state: Complex energy G. Gamow, Z. Phys.51 (1928) 204

Berggren basis in complex-k plane, describing bound,

resonance and scattering on equal footing.
T. Berggren, Nucl. Phys. A109 (1968) 265

s9je)s punoq

Ilm(k)

narrow resonance

Orthogonality and completeness
Sr—r') = Z il € T)0s B, 1) A / deu(e, r)u(e, r

) 5 .
" bound, resonance scattering
(discretized)

saje)s punogqnue

decaying states

24



Gamow Hartree-Fock

Step @: Solve the Hartree-Fock equatlons in HO representatlon using H,
A

i = Z (1 — —) o + Z (Vm ij pynA ) Z VNNN ijk

i=1 i<j<k

int?

Step @: Extract the non-local HF potential u(r,r)
A
byt = (iltlg) + (ilold) = (ltli) + Y GRVIR)

k=1 i 9
Step €@): Obtain the radial wave function u(r)/r in complex-k plane =T

([ +1 s
W@ (F) = [—( ) — b(locj( ) — kg]u(-‘r) - / -a.:(m“‘loc)(-r; Yyl dr’
re 0
h2k?2 A,
ule,r (™, il > — Do, — G
(@ r) ~ Cor*™, G-t 2
u(€,r) ~ CTHf (kr) + C~Hy (kr), r— +o0.
Exterior complex scaling Outgoing solution at large distance
+o0 R +o00
/o u(e, r)*dr :/0' u(e,r)dr + (CT)? i Hl_;(kT)QdT un(é;'l: '?‘) ~ Ol(kn;) gtknT
R +0o
= / u(e, r)dr + (CT)? H (kR + kze)?e®dr
0 0
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I
- - = -0 (proton;
Hey {mewiron) |
== =20 (proton)
20 (meutron) |
- Y0¥ (proton} |

1500 (mewtron |

240 280
sp energies Re(E) Im(E)  Re(E) Im(E) Re(E) Im(E) Re(E) Im(E) MeV
Os;jp  —48.858  0.000 —57.720  0.000  —59.313  0.000  —55.076  0.000
Opsje  —22.735  0.000 —27.729  0.000  —28.132  0.000  —28.101  0.000
Opyp —13.863  0.000 —23.501  0.000 —22.669  0.000 —21.674  0.000
Ocls /o = — —3.251  0.000 —-3.993  0.000  —6.687  0.000
151 /9 = = —0.964  0.000 —-2.374  0.000  —3.978  0.000
Od3 /5 - - 3.014 —0.626] (2.312 —0.368)  [1.088 —0.081 ]
sp-resonance

B.S. Hu - TALENT Course, July 31, 2018
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Order-by-order convergence in real-energy space

B.S. Hu - TALENT Course, July 31

, 2018

Bare NNLO SPEs Orbit Lst 2nd 3rd Expt.
opt
hw=20 MeV m0d5/2 —3.18 —12.01 —11.74 —13.26
N. =12 wlsl/2 070 —7.95 —-7.82 —10.88
shell™
w0d3/2 282 —-7.15 —7.15 —
v0d3/2 |4.18  —0.12 1.31] 1.26-0.2i
- - 5
10 —2" 2’ 24 = - + + + -
- _2+ 2+ 0+ o - F ?+ 0 1 24F
L ——o* 0 2t 1 4F . 17 2+ 3
sl b : 2 2 0 ]
- ] - + 4% 4% -
— [ ] — : 4 :
o , . 1 3 3F E
s 6 . 1+ 1 1 1 = E .
= P o 2 2 — 1Tk :
i s . .
Loy 2 A 2L 1* 1 . =
2 Ar 1 & F 1 1]
w [ 18 F E
2 . 1 =
: 3 2* 2* + 2"
ol o* o* o* o* 0+_- oL + 3+ %... g+
[ —9.80 —7.34 —7.76 ) [ —17.82 —16.32 ~16.51 ~17.10
1B-2nd 1B-3rd 1B-3rd - - - -
Q-DOX 285nd  2B3nd  2B3ra M-SRG  Expt. (. pox 1B2nd J8-3rd 18-3rd Expt
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Oxygen isotopes from RGSM

10 | 10.067 .
L 0.021 _, | e | M -
i 27 .904 0.043 4 0.111 4 1
[ 0.036,4 2'0282" 327 0ars | 0 i
038 4 | |
8 ] 0 | [ 1
. | | _
B 240 [ 250 | 260 -
- I l -
L | | .
i | | i
— 6 F : :0.0381_,. _— _
% - 0008 4 169 , 00357 4 20203 5+ 0.236 4+ 10.035 74 0.0971+ -
E - 0.010 ml 00520 10.018_ [ =t -
— T 27 By S 1 03/2, rsit : I
5% 4l R i I _'
= i | I i
= i | | i
= | |
i | : 1
— I I -
2 | | .
B [ | 54 .
I | | <05 v
I : :0-0152+ 0.105 4 i
B 0. ) 0.088(6) .1l0.031 021 <0.11 [N
0 F——0t ——0F ——0* 200+ 00003, v 00y S0 TN
- | -

Kondo, et al, (2016): ~0.110 MeVLunderberg,
2nd  3rd  Exp. 2nd . 2012): ~0.005 MeV
Kohley et al, (2013): 4.5*11_, ,(stat) + 3 (sys) ps
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(F'S]

Energy [MeV]
(¥

Fluorine isotopes from RGSM

. | I ]
: “F :0'0125+ 0.051 =F | *F i
- 10010+ ~ 5" 25044) , | -
: + | 7t 0.023 + i
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c -
Long-lived 4,* isomer, T,,=2.2(1) ms,
Lepailleur, et al., PRL110, 082502 (2013)
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Hermite Complex symmetric
(HO basis / real-energy HF) (Gamow-Berggren basis)
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Summary
» Develop HF-RSPT including the wave-function and three-body

force corrections.

» Develop the third-order RGSM within HF basis

» Describe oxygen and fluorine isotopes

Outlook

® Derive the cross-shell effective interactions (sdpf-shell, ...)
® Reconciling the microscopic valence-space effective

interactions with the nuclear reaction theory (GSM-RGM)
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Back up

A. Gamow Hartree-Fock

The HF single-particle state |a)ur can be expanded on HO basis |p),

|a)ur = > _ Dpalp).

We diagonalize the Hartree-Fock one-body Hamiltonian in HO representation,

A
(p|P"'F|q) = (pltla) + (p|Ulq) = (pltlg) + > D (pr|Vlgs) D} Dsi

i=1 rs

After iterative solution of the HF equations, we can obtain the HF potential

A
9)=> ) (pr|Vlgs)D;Ds.

(p|U
i=1 rs
The the channel
! 1 h'g = I,
(kIWTE K = (1= =) 5 —k*0u + ) (plUsrla) (klp) (alk)

rq

where (g|k') 1s the HO wavefunction in complex-momentum space (k|. It’s noting that
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