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Workflow of ab-initio nuclear calculation

SM/BSM

QCD+
Electroweak
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Realistic
nuclearforce

(NN+NNN )

‘Reproduce the
NN scattering

data

*‘Reproduce few-
body properties

Chiral EFT,

CD-Bonn,

Nijmegen,
AV18, ...

Currents, Ovf3g3,
dark matter, ...

Update

Renormalization
scheme

‘Deal with the
strong short-

range
correlations

Speed up the
convergence

SRG, VlOW—k’
OLS, UCOM,
G-matrix

Ab-initio
many-body

‘From the
beginning

‘Without any
additional

parameters or
uncontrolled
approximations

NCSM, GFMC,
SCGF, CC,
IM-SRG, MBPT,

Describe
/predict

experimental
data




Similarity Renormalization Group

drive the Hamiltonian towards a band- or block-diagonal form via
continuous unitary transformation

UGs) - Ut(s) = U(s) - U™\(s) = 1 JH(S) n(s) = dU(s) UT(s) = — n(s)
= [n(s), H(s)] S
H(s) = U(s)HO)U"(s) ds O(s) = U(s)OU'(s)

¢ Developed by Glazek and Wilson and by Wegner around in 1993

S. D. Glazek and K. G. Wilson, Phys. Rev. D 48, 5863 (1993)
F. Wegner, Ann. Phys. (Leipzig) 3, 77 (1994)

& Soften nucleon-nucleon interaction from 2007

S.K. Bogner, R.J. Furnstahl, R.J. Perry, Phys. Rev. C 75, 061001 (2007)
H. Hergert and R. Roth, Phys. Rev. C 75, 051001(R) (2007)

€ In-medium SRG as a nuclear many-body method
Tsukiyama, S. K. Bogner, and A. Schwenk, PRL106, 222502 (2011); PRC85, 061304(R) (2012)
H. Hergert, et al., PRL110, 242501 (2013)
S.R. Stroberg, et al., Phys. Rev. Lett. 118, 032502 (2017)
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=20 T T T N O O
SRG: soften nuclear interaction ; \ TGy
7 L a4 SRG (2.0/36) | —
H ) =T +V (5) = [T, H(S)] 71 HSRGEZOQS; :
S — — S p— o S B h
rel { rel > T & N’LO (500 MeV)
S -8 - . NN+NNN - -
[ i
dH(S) [ ( ) H( )] dH(S) [[T H( )] H( )] ERRRRL AR NQELERELLLY
= [n(s), (s — ,H(S) |, H(s -
ds ds rel 7
: 8 10 12 14 18 :
st(kak> =—(k2—k/2)2V(k k') T e e 10 12 14 16 18 20 22
As AN N
2 0 ’ 0 " o) / E. D. Jurgenson, P. Navratil, and R. J. Furnstahl,
+— qg-dqg (k + k“—2q ) V(k,q)V, (q, k) PRL103, 082501 (2009)
T
0
1Sy from N3LO (500 MeV) of Entem/Machleidt
K2 (fm?) K2 (fm™?) K2 (fm?) k2 (fm) K2(fm?) 3 = ¢—1/4
OO481204812048120'48120.4812 05
& 4
= 8 ‘ \ 0 (fm)
= 12 -1 -1 41 Cpee -1 <1
A =5.0fm A =40fm A =3.0fm A =20 fm A=15fm

-0.5

nttp:// www.physics.ohio-state.edu/~ntg/srg/
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In-Medium SRG (IM-SRG)
9

& Generator:

Ukl

Ukhnn

€ His normal ordered with a finite-density reference state:

H=E,+ Zfl]{a a;} +— ZFl]kl{a a’aa} A 2 - Ta]ffaljanazmal}

Jon(S) I oo ls)
e.g., n(s) = Z Pl {agah} + Z bp 17 a, a'a ahah} —H.c.
ph Aph(S) pp’hh pp 'hh’ (S)
CC Cv vv vqgq (Q cC Cv vv vqg (gQ

O O
o O
> >
o O
> >
> >
O O
> >
O O

O O |

<ij|H(s =0) |kl > < ij| H(s) |kl >

Baishan Hu - TRIUMF (2022/8/9)

cc cv vv vq Qg

vg Vv CVv CC

99

< ij| H(s) |kl >
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ADb initio results for 208Pb region

208 Pb
2021

NLO

NNLO

.....

NNN

Precision of different methods: 1~2%

o H I IT-NCSM :
© MR-IMSRG(2) -
O VS-IMSRG(2)
VvV CCSD ;
ood N eleleblap
¢ ADC(3) :
] Lattice EFT .
meelin
o-H g
o :
OO oyl —0B 90K
I I I I I I | | 1
12 14 16 18 20 22 24 26 28
A
H. Hergert, Front. Phys. 8 (2020) 379
- History matching
Emulator technology
- Statistical tools
iNew 3N storage scheme
.~ IMSRG, CC
7



Energy (MeV)

File size (GB)

—1600

O €max = 12
”’ emax — 14
O .. €max = 18
—1650 .
AS
6 vy
O 8
—1675 >
L] MBPT, 1.8/2.0 (EM), ho=12 MeV
—1700
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106 | ] v | ] ] | | ' 1 v | | ' 1 v 1 v -é
OO
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T Miyagi, et al., PRC105 (2022) 014302

12 36 4
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ADb initio calculation of 208Pp

b = 0.0404 C )
0.44 - B S , @ °

. ‘@ 0o © o
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~NE T Y . o,
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©
O
D o PREX
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BS Hu, WG Jiang, T Miyagi, ZH Sun, et al., Nat. Phys. (2022), in press.

arXiv:2112.01125v1 (2021)




Nucleus as an open quantum system

Open QS

dominated

-----------------------------------------------

Energy ——»

Closed S,
QS
v e 1 Z=const

.;wr

Neutron number ——»

i

Closed quantum system Open quantum system

scattering continuum
well bound 8

-
5

S

HO basis N. Michel et al., JPG: NPP36 (2009) 013101
Baishan Hu - TRIUMF (2022/8/9)

Borro ylEly

Neutron/Proton-
rich nuclei

Clustering

New magic
number

Halo structure

O penichan nelj
Genuine intrinsic

resonance

e Bound, resonant and scattering states
may be strongly coupled

e Need ab initio nuclear theory including
the continuum



Why consider the continuum effect?

4 - — - -
2 - -12 :— _:
o 1 17} :
s °f 13 | 5
< i 15 -22F .
uy —6 - 7 nj - -
Sr 1 -27f -
-10 - : :
I _ -39 -1 | | | | | | | | |
I :
: E’ Of SO
i ‘; "~ =@~ This work (with continuum) ]
~& = SM NN+3NF -1 . =5- VS-IMSRG -
4~ complex CC (with continuum) =~ CC NNLOgpt ] -5 N -A = SM SDPF-M ~
. —®—GSM (with continuum) ~-1-SM USDB - . ~l-- SM USDB i
- % Expt. - - 3¢ Expt. .
—10F l ' l | | | | -10 1 | | | | | | | | L
22 23 24 25 26 217 28 23 24 25 26 27 28 29 30 31 32
A A

BSHu, Q. Wu, et al., PLB 802 (2020) 135206; arXiv:2001.02832
Baishan Hu - TRIUMF (2022/8/9) 10



ih=-|w) = H|w)
Time-independent:
H|y) = E|y) p(t,r) = exp (‘%) w(0.r)

probability at r is unchanged over time

Resonances
¥o ol
¥ Ic'fllz
A VAN
N |L""_\v'|2

N

Baishan Hu - TRIUMF (2022/8/9)

From Wikipedia

= — T = e = —_— = ——— - -

Complex energy: E=E,—- i%
iE,

2 _ ) L
| w(t,r)|” = exp( = t) exp( % t) w(0,r)

I >
= exp (—%O | w(0,r) |

Describe a resonance decaying exponentially
with half-life t1o=hIn2/I

11



Gamow-Berggren basis

& The wave function of a resonance with
a peak at energy eo and a width y

D(e, 1) = /2 ¥(r)

\n [(e — 60)2 + (;//2)2]

Im(k)

& Through Fourier transformation, we Re(k)

obtain time evolution of the resonance

~ 722 hin2
O(r,r) = P(r)e " =—L=¢ iy, = @

2m 2 Y capturing states
Gamow state: complex energy

G. Gamow, Z. Phys.51 (1928) 204

L+ contour

O
decaying states

salels punognue| sale)s punog

Berggren basis in complex-k plane, describing bound, resonance and scattering on equal footing
T. Berggren, Nucl. Phys. A109 (1968) 265

Orthogonality and completeness: o(r—r) = Z (€, , )i, (en’ ’”/) T J deu(e, ru (Z’ r’)
LT
! bound, resonance scattering (discretized)

Baishan Hu - TRIUMF (2022/8/9) 12



Gamow Hartree-Fock

Step@®: Solve the HF equations in HO representation

A —)
1\ p; Pi* P
Hiy, = Z (1—X) 2 | Z VNN,ij A

i=1 i<j i<j<k

Step®: Extract the non-local HF pgtential o(r,r’)
REE = (il j) + Gl lj) = Gl + ) (k| V] jk)

k=1
. h2k2 y
Step®: Obtain the radial wave function u(r)/rin complex-k plane e, = > " —e —1 2’”‘
I(1+ 1 oo m
u"(r) = ( > ) o0y — kzl u(r) + J pmon=loc) (. 51y 4y () d’ G. Gamow, Z. Phys.51 (1928) 204
r
~ I ’ exterior complex scaling
u(e,r) ~ Coyr'™ r— 0 . . .
W(@. r) ~ CTH(kr) + C-H(kr) r — + Resonance: J u(e, r)zdrzj u(e, ry*dr + (C+)2J H;! (kr)*dr
’ I I outgoing 0 0 R

+00

u, (én, r) ~ O, (knr) ~ ek
H;}; (kR + kxeig)2 edx

R
— ‘A u(e, r)’dr + (C+)2‘

Baishan Hu - TRIUMF (2022/8/9) : :
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Results of GHF

Re[u(r)] (fm™)

16() 22() 24() 28()

Sp energies Re(E) Im(E) Re(E) Im(E) Re(E) Im(E) Re(E) Im(E) MeV
Os1 /9 —48.858 0.000 —57.720 0.000 —59.313 0.000 —55.076 0.000
Op3 /o —22.735 0.000 —27.729 0.000 —28.132 0.000 —28.101 0.000
Op1 /2 —13.863 0.000 —23.501 0.000 —22.669 0.000 —21.674 0.000
Od /2 — — — 3.251 0.000 —3.993 0.000 —6.687 0.000
Lsq/9 — — — 0.964 0.000 —2.374 0.000 —3.978 0.000
0cly /5 _ _ 3.014 0626 (2312 —0.368] (1.0S8  —0.081)

sp resonance
oazf -0 protom
; SN 20 (neutron) 1
0.1F /f'” 3 - == -*0 (proton)

1 1 ] ] I I .
1 — T 1 I T T | I I e
0s1/2 bound
- == ()d3/2 resonance
~ = = = 5s1/2 scattering |
I = 5d3/2 scattering ]
= | Sd5/2 scattering _ _ _ _ _ y ]
/'E 0 ‘—-_{_—-\__:}-; - -
A
E D ’
- b = ’
E RREEEL
-1 ' ' ' D) |
0 5 10 15 20 25

Baishan Hu - TRIUMF (2022/8/9)

220 (neutron) |
160 (proton) ]
160 (neutron) -

14



NCSM

CC Included continuum coupling

>
GFMC

IM-SRG

Baishan Hu - TRIUMF (2022/8/9)

NCSMC, SS-HORSE
complex CC
GFMC

15



IM-SRG with resonance and continuum

& Include continuum degree of freedom into IM-SRG via
Gamow-Berggren ensemble (Gamow Hartree-Fock)

& Extend the continuous unitary transformation (Hermitian) to
the orthogonal transformation (complex symmetric)

@ Describe bound, resonance and continuum states in a unified
framework

& Combine with resonating group method (RGM) for nuclear
reactions

Baishan Hu - TRIUMF (2022/8/9)

16



IMSRG framework

IMSRG
Hermitian (HO/HF basis) dH(s)

= H
(a|H|b) = (b|H|a)* 7 [17(s), H(s)]
H) = UOHOU') H(s) = UHU™ (s
U(s) - U'(s) = U(s) - U (s) = 1
n(s) = dli(s) U'(s) = —n'(s) O(s) = U(s)OU(s)

Gamow IMSRG

Complex symmetric (Berggren basis)
(@|H|p) = (B|H|a)y* = (B| H| Q)
H(s) = U(s)HO)U' (s)

U(s) - Ul(s) = U(s) - U l(s) = 1
dU(s)

n(s) = - U'(s) = —n"(s)

Magnus expansion:
T.D. Morris, N.M. Parzuchowski, and S.K. Bogner, PRC92 (2015) 034331

U(s) = e™®

BAD _ p(5) +~190), n(5)] + ——[s), [Qs), n()]] + -
dS —7’]S 2 S,ﬂS |12 S), S,V]S

H(s) = eSO He=R06) — [ 4 [Q(s), H] + %[Q(S), [Q(s), H]] + -

O(s) = 2006 = O + [Q(s), O] + %[Q(S), [Q(s), O]] + -+

e.g., White generator n:

J12
Jii =S+ 10
['1534

H1234 =
fi1 + /o — f33 = Jaa + A1234
Aipzq = D10 + 15434 = 11313 — 1 o404

H1p =

_F1414 o 1—‘2323

Baishan Hu - TRIUMF (2022/8/9) Perform all calculations at two-body level — |MSRG(2)




vdq VW CV CC

99

cC cv vv vq QqQ

<ij| H(s = 0) |kl >
Baishan Hu - TRIUMF (2022/8/9)

H = EO+ZfU{ }

EOM-IMSRG
closed-shell nuclei

H°d = (v
+(vv

CC

H
H

c)+(qlH]|c)

Zrl]kl{a a. alak} +_2 ijkl mn{

cc)+ {(qv|H]|cc)
+(qq | H|cc)

cv vv vq qq

(0} (0)

0

vg Vv CVv CC

99

< ij| H(s)

kl >

VS IMSRG
shell-model effective interaction

= (v|H|c)

H
H

cc)+{(qv|H
ve) + (qv | H

(g|H|c)

111+ ag 1)

cc cv vv vqg qqg

TTTaaal}

knm

(q|H][v)
cc)+ {(qq|H
ve) + (qq | H

cc)

ve)

vq Vv CV CC

99

< ij| H(s)

kl >

18



Difficulties caused by continuum states <vv|Hed|vg> 1l

\Valence

1d<~» _ _ i S1/2, 3/ i

312 i channel i

Q i Continua i
< 0f | I
] 2T T T T T : !
(Ij Of7/2 _____ i 251/2, 381/2 ‘e i
1p1/2 ————— i 1d3/2, 2d3/2 .. i

Ip3, - o ' ;

Baishan Hu - TRIUMF (2022/8/9)

H(s) = ¢"9He™) = H + [n(s), H] + %[n(s), [17(s), H]] + -+

q> B (vIH*|q)

v| White _
([ (VIH V) — (q| HY| q)

<v|Hd|v>closeto<q|HI|q>:generates
high-order terms in the transformation of H

1

0= 5 tan” ‘[2a/(E,—E,)]. (10)

magnitude. Note that the degenerate case E;=E, 1S nonsin-
gular, generating an angle of = 7r/4 (either angle can be cho-
sen). Such a large transformation angle should be avoided if
possible, however, since i1t generates high-order terms in the

transformation of H.
S.R. White, J. Chem. Phys. 117 (2002) 7472

IMSRG(3) or ...

19



Similar to many-multi-shells effective interaction
1

od
q>_ (VIH|q)

v‘ White _
([ (VIH|v) — (g Hiq)

od
q)_ (vIH| q)

<V‘7]White _
(vI[H?|v) = {(q|H|q) + A

14C w/ SRG evolved NN only (emax=8)

200—7i 72D °7Zi0Z i 7 7 — — 3+
L7 B e —
15 O e e —— O_
< 12.5 S —
T — 1-
=100 -~ D — — 71
>
(@))]
o 7.5
-
L
5.0-
2.5 p-shell psd-shell
0+ 0+
0.0 -125.74 125.20 -125.00 124.92
§ 5 R
& y y y
Q v v v

Figure credit: 1. Miyagi

Baishan Hu - TRIUMF (2022/8/9)

2,

Use Okubo-Lee-Suzuki to decouple

vv from vq
CC cv vv vQq (g cCC cv vv vg QQ
O O
O O
= =
O O
BE Th
O | O
= ' >
O O
O O
< ij| H(s) |kl > < ij| H(s) |kl >
® = QoP (aglo)ap) = ) (aglk)(k|ap)
kEx

A =[P( + o o)PI" VAP + PoTQ)H(P + QwP)[P(1 + o w)P]~ "

20



VS-IMSRG with OLS

EM1.8/2.0(NN + 3N), emax = 12, e3max = 16, o = 16 MeV Using ensemble normal ordering (ENO)
Without continuum

O 22 48
4.0 He 3.0 Na 6 Ni
i ; | — 37 e 2+ -
3.5+ - ' 2 + 7 —— 2 -
R 3127 - 2.9 S —_— 27 7 i _ 2: _
3 O B _ i | 6 B e — ————— O + |
+
- - 2oL — 5+ i i
2.0 - R [ 4+ 5 5% -
- . +
% i T %3 ____________________ 3+ %, i T 2+ i
\2_/20_ _ \2-/15_ _ \2-/4_ ..................... 2_|_ _
>> - - > > F _
E) 1 5 B N E) i | E) 3 . _
GCJ ' GC) 1 QL = 1+ | GCJ i ]
LLI ] 7 LL] 3+ LL]
1.0 - ' S o+ 21 -
i i 0.5+ — i |
0.5+ — 1k —
i i i -
00k _ 00k ———— —_— 17 Ob — —, 07 _
i _26.50 -26.50 ] 172 .02 -172.03 - -349.43 -349.42 )
IMSRG IMSRG(OLS) IMSRG IMSRG(OLS) IMSRG IMSRG(OLS)

BS Hu, et al., In preparation (2022)
Baishan Hu - TRIUMF (2022/8/9)



Gamow EOM-IMSRG results

BSHu, Q. Wu, et al., PRC 99 (2019) 061302(R); arXiv:1906.10539

Convergence against different contour
and discretization number

Re(Ex) [MeV]

Baishan Hu - TRIUMF (2022/8/9)
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Excitation Energy (MeV)

Center-of-mass spurious excitation

+

A WO =
+

+

0F.

Hint  Hy + BHcom — Hig Hing

e NNL Oopt .................... ) NNLOg.¢

R-IMSRG R-IMSRG G-IMSRG G-IMSRG

Expt.

22



Excitation Energy (MeV)

100 111 I | I L I L I | L I 111 I | L I P11 I | I L I | I I | L I?
EOM-IMSRG for Borromean 22C MSRG, NNLO_ -
10 E
MSRG, NNLO =
’ - sat 7
1072 MSRG, NN ‘Oopt
Berggren channel(s): d3/2 d3/2 (s1/2, d3/2) MSRG. NNLO
[ - 10 | o0t
: DOOOOOOOOOOON | AN : O’)A
-4+ R RS 1 e
6 !, SRR X <X X0k << 1 =40
-2 NN 20000070000 20 2% RIS 7] —_ a —
: NN R ] = : -
5 — A \\g&mo X0 |: % |” I: I: Ia — im;: T 1200%%% — = 10° E = E
- ot 0.704 0.540 0.597 - s 0.10 - — 3 5
= + N | o OO - E C i A -
— 3 P’Q’Q’Q‘"Q-Q X "' \/ .”“ m — - _ o"
4 v == 0285 _ R = 10°E o005 - % E
: 4+ x*(xvx"'xv (XX . %/ : = B _ ""\ .
- ) X - — B = = “ ]
B — - -7 NN RN EE NN N 3
L 0.224 7 10 0.00 '
3 0.245 - 0 1 2 3 4 Y
N i Y
- 220 / 2+ - 10-8 1 1 1 1 I | I | I ] 1 1L | I . 1 1 1 I 1 1 1 1 | | I I | I | I I I | I | I I | I | l"ﬂ ] I . 1 1 1
2 — y — 0 1 2 3 4 5 6 7 8 9 10
- y § r (fm
. ) ) ] / _ (fm)
1E > - / -
0 C 0t _ _ _ _ 0* ] G-IMSRG Expt
- S NNLO .. e > NNLO i .
- opt - sat - cont. s, d waves | Estimated

R-IMSRG G-IMSRG CC  G-IMSRG G-IMSRG
BSHu, Q. Wu, et al., PRC 99 (2019) 061302(R); arXiv:1906.10539

matter 3.44 + 0. 089

2.98 3.14

radius (fm) 3.38 +0.109

®: Y. Togano et al., PLB761 (2016) 412  ®: T. Nagahisa and W. Horiuchi,
PRCO7 (2018) 054614

Baishan Hu - TRIUMF (2022/8/9) 23



Benchmark with NCSMC

Core: 4He

Valence space: neutron p1s2, p3i2 resonances and

S1/2, P1/2, P312, ds;2 continua

N*LO(500), Agpe = 2.4 fm™!, AQ =20 MeV

N4LO+
. N*LO (NN-only) 3Ny N?LOsat
i He |
6 |- i 576 3/2
> [ . 661 740 | A
2
= 4F 950
c) 1
Nt i
reb) i :
- l
LLI :
2 L I
| 613  1/2 -
e —— 1 560 .-
I L2 830 370 |
| SHe+n
0 i
/ G- G- G-
Msrg S Msg VCsme VCsme. S s Siisg,,

Lo

\T™ T ——" 7" ~7

Phen,

Eys. (MeV)  “He “He “He
IMSRG(ENO) —28.50  —28.25 —29.47
NCSM —28.36 —28.94(20) —30.23(30)
Expt. —28.30  —29.27 —31.41

150:_ l I I I ' (a) _:
120 - . "
90 - T T =4
— - 4 _ /
Y qf [ NLOMA=500MeV) E
% Agp = 24 fin E

Cr—
Bom—
L R

M. Vorabbi, A. Calci, P. Navratil, et al., PRC97, 034314 (2018)



proton rich
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Gamow VS-IMSRG results
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Gamow VS-IMSRG results
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