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2 TRIUMF Valence-Space IMSRG

Explicitly construct unitary transformation from sequence of rotations

1 2H
U:gQ:enn,,,@m 77:§arctan( d)—h.

A
~ 1
H:eQHe_Q:H—|—[{LH]—|—§[Q7[Q’HH_|_...

All operators truncated at two-body level IMSRG(2)
IMSRG(3) in progress

Step 1: Decouple core

= =

decouple

core

B) = [1°0)

C.

Tsukiyama, Bogner, Schwenk, PRC 2012
Morris, Parzuchowski, Bogner, PRC 2015



2 TRIUME Valence-Space IMSRG

L4

Explicitly construct unitary transformation from sequence of rotations

1 2H
U:@Q — elln 77:§arctan( Ad> — h.c.

1
H:eQHe_Q:H—|—[{LH]—|—§[Q7[Q’HH_|_...

excluded

All operators truncated at two-body level IMSRG(2) Tsukiyama, Bogner, Schwenk, PRC 2012
IMSRG(3) variants in progress (Heinz, Stroberg) Morris, Parzuchowski, Bogner, PRC 2015
g Step 1: Decouple core
d‘\ ~ Step 2: Decouple valence space (PIHLE) WPIHIQ) =0
_____________ decouple
: <
E R
_____________ decouple
. < (QIH|P) 0 (QIH|Q)
S (U,|PHP | V,,) ~ (V;|H|¥;)

B) = [1°0)



L4

Explicitly construct unitary transformation from sequence of rotations

1 2H
_ Q2 nn N1 _ - od } _
U = —e'n e n 2arctan( A ) h.c.
~ 1
H:eQHe_Q:H—|—[{LH]—|—§[Q7[Q’HH_|_...
A Q- 1
O = e Oe :O+[Q,O]+§[Q,[Q,o]]+...
k5 = = Step 1: Decouple core
j% ;Qouple Step 2: Decouple valence space

————————————— i Step 3: Decouple additional operators

oot (U | PHP | 0,,) = (U, H|W,)

J . .
W (U, |PMo, P | W,,) = (U;| Mo, |¥;)

B) = [1°0)

2 TRIUME Valence-Space IMSRG

(P|H|P)

(PIH|Q) =0

(QIH|P) = 0

(QIH|Q)
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TRIUMF

Ab Initio Progress: How Heavy Can We Go?

Tremendous progress in ab initio reach, largely due to polynomially scaling methods!
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2 TRIUMF Limits of Existence in Medium-Mass Region

ADb initio calculations of ~700 nuclei from He to Fe

NN

251 | & Confirmed driplinej |
O Last discovered e

Fe &
4 Mn
Cr
V
Ti
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S Ab initio &
- I = 92
J IMSRG 0
| 0.0
0 10 20 30 40 50

Neutron number N
Known drip lines predicted within uncertainties

Ab initio guide for neutron-rich driplines

50 = Ot _ olezp)

Input H fit to 2,3,4-body
Not biased towards existing data

Featured in Physics Editors' Suggestion

ADb Initio Limits of Atomic Nuclei

S.R. Stroberg, J. D. Holt, A. Schwenk, and J. Simonis
Phys. Rev. Lett. 126, 022501 — Published 12 January 2021

o P
PhySICS see synopsis: Predicting the Limits of Atomic Nuclei



2 TRIUMF Magic Numbers in Nuclei

Magic numbers: pillars of nuclear structure, novel evolution in exotic nuclei

Signatures of Magic Numbers
Sharp decrease in separation energy (masses)
Elevated first excited 2+ energy (spectroscopy)
Tightly bound (decreased radii)

EM Moments
Q — collectivity; u single-particle nature




&2 TRIUMF Prediction of Energies Across Chains

Energies: Generally excellent agreement along isotopic chains to limits of existence
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&2 TRIUMF Prediction of Energies Across Chains

Energies: Generally excellent agreement along isotopic chains to limits of existence
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L TRIUMF Prediction of Excitation Energies Across Chains

Energies: Generally good agreement along isotopic chains

Overpredict 2+ at shell closures... what might help?
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Too large shell gap — IMSRG(3) — or missing cross-shell physics?
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Future: Evolution of N=28,32,34 Magic Numbers

Ab initio predictions from above calcium towards oxygen — persistence of N=34
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&£ TRIUMF Improve Cross-Shell Physics: Multi-Shell Spaces

Essential for many applications: island of inversion, forbidden transitions, heavier beta decay cases
Standard VS-IMSRG typically fails!

« Flow of single-particle energies

501

p-shell | 50— psd-shell i

e

Valence space

Energy (MeV)

~100+ . : : ~100



2 TRIUMF Typical IMSRG Failure

* Flow of single-particle energies

+ At the very beginning of valence- pf)—— psd-shell
decoupling flow, some of pf-shell orbits I
come down. ) e @1 S I

+ Intuitively, we expect that P- and Q- % 0 f
space single particle energies do not = Valence space
mix. & > ‘

)

+ At the beginning of the flow, the slope of [§§ —30{========c=sccccccfepenccsa=-
single-particle energies (df/ds) seems to 75|
be crucial.

-100*




&2 TRIUMF Proposed Fix: Modified Generator

Proposed fix: modify generator to give constant shift to energy denominator

Never have negative energy denominators if on order of hw...

K. Suzuki, Prog. Theor. Phys. 588, 1064 (1977).
N. Tsunoda, K. Takayanagi, M. Hjorth-Jensen, and T. Otsuka, Phys. Rev. C 89,024313 (2014).

- fi2 - fi2
fi1 — fo2 + 1212 fi1 — foo + T1212 + A
71234 = 1234 * 11234 = " 1284
fi1 + fo2 — faz — faa + A1234 Ji1 + foo — f33 — faa + Aqoza + A
Ajo3a = 1212 + T'sa34 — T'i313 — Daaoa — D'1a14 — o323 Ajo3a = T'1912 + T'gaza — I'ig13 — Ioaoa — [ig14 — Dagos

Miyagi et al., PRC (2020)



2 TRIUMF Proposed Fix: Modified Generator

AL
Proposed fix: modify generator to give constant shift to energy denominator

Never have negative energy denominators if on order of hw...
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2 TRIUMF Longstanding Shell Model Issue: Center of Mass

Centre of mass: long-standing issue in the shell-model universe

So far: add CoM at the shell-model calculation stage

H — Hvys + BH.n — energies = p —¥— pds;25172

BUT Hys is no longer represented in HO basis: —A— pds; —0— psd

Add from beginning instead 100y

(a) G.S. energy

H + 8H., — Hys — energies

Energy (MeV)
| | | |
% o B D
S S S S

Full two-shell suffers from H,, dep.

(\®)
-

Removing dj,, solves problem!

Energy (MeV)
=
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o
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7 Y . Y .
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EOM-IMSRG results are take from N. M. Parzuchowski, T. D. Morris, and S. K. Bogner, Phys. Rev. C 95, 044304 (2017).



&L TRIUMF Island of Inversion: sd-Shell Ground States
Ground-state energies of Ne, Mg, Si isotopes: 1.8/2.0(EM)

Multi-shell space improves lol physics

—0— sd nsd, \)f7/2p3/2 —o— T15d, VSdf7/2,D3/2(,B = 3) --o-- T15d, \)Sdf7/2p3/2(B = 4) — AME2016
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Miyagi et al., PRC (2020)



&L TRIUMF Island of Inversion: sd-Shell Excited States
Excited-state properties of Ne, Mg, Si isotopes: 1.8/2.0(EM)

Multi-shell improves lol physics... not enough to fix completely

—+— sd nsd, vf72p3)2 —o— nisd, vsdf;p32(B8 = 3) --0-- 11sd, vsdfypp3(B =4) —_— Expt.
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Miyagi et al., PRC (2020)



L TRIUMF Island of Inversion: sd-Shell Intruder Configurations

Explore intruder configurations in 0+ states

Multi shell space dramatically improves lol physics

Normal Intruder — Exp.
= -
g
2 4 - -
> | 03 0o | 03
X ; -
O 2r -
3 (a) Ne < (b) Mg (c) Si
o+ of i
I.I>j ok 1 1 : 1
2.5~ ' ; '
2,00 (d)Ne
1.5
3
c 10'

Ab initio multishell valence-space Hamiltonians and the island of

1 l 1 1 1 l 1 1 1 1 l 1 | InveI’SIOH
16 18 20 22 24 16 18 20 22 24 16 18 20 22 24 T. Miyadgi, S. R. Stroberg, J. D. Holt, and N. Shimizu

N Phys. Rev. C 102, 034320 — Published 16 September 2020

0.0



&2 TRIUMF Island of Inversion: pf-Shell

Explore Intruder configurations from Ca - Ni

Already important for Ca isotopes across N=40 shell gap
0Ca unlikely doubly magic

Silwal et al., PLB (2022)



& TRIUMF Charge Radii: Ca Isotopes

Calculate charge radii in Ca isotopes — parabolic behavior, long-standing problem

Previous SM studies identified cross-shell excitations as origin

—0— S1d32f72p32(B=3) —@— pf
—V— S12032f72P32(B = 4)

0.3 —
E 0.2} _
o
q— — — —
= 0.1t
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I
S 0.0t
NKU
-0.1




2 TRIUMF Global Trends in Absolute B(E2): sd Shell

Study EZ2 transitions across sd-shell

— IMSRG § Expt. 3t o3+ 100 —— IMSRG  ---- USDB ¢ Expt.
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USDB with effective charges typically reproduces absolute values well

VS-IMSRG (no effective charges) typically under-predicts experiment
Trends well reproduced in all cases



L TRIUMF Global Trends in B(E2): IS/IV Components
Study charge E2 transitions across sd-shell: IS (Mp) and IV (M,)

2
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&2 TRIUMF Origin of E2 Puzzle: 4C in p-sd Shell

Perform CC and VS-IMSRG calculations of 4C in toy p-sd space with phenomenological potential

total Npp p - sd

Energies well converged all around

E(MeV)

VS-IMSRG(2)

CC(T1/T)

""""""""""""""""" ] p/n amplitudes increase with p/h ex.
e |
e __VSAIMSRG(2)

reeeeeeenereiineeenennnGCDIS) Only Converged at ~6 Nph

_______________ VSIMSRGR) Not possible to capture fully in spherical CC or IMSRG
;Ql68

.y Stroberg et al. PRC (2022)

total Ny, p - sd




2 TRIUMF Systematic studies in Sn region: In Isotopes

Comparisons with EDF (hit and miss): overall consistent picture of single-particle nature

@ Experiment —e- VS-IMSRG 1.8/2.0(EM) -+~ DFT HFB without time-odd fields - -- - DFT HF without time-odd fields
O Experiments in VS-IMSRG N2LOq —— DFT HFB with time-odd fields —— DFT HF with time-odd fields
literature
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Nuclear moments of indiumisotopesreveal

Ab initio reproduces trends of new measurements abrupt changeat magic number 82

https://doi.org/10.1038/s41586-022-04818-7  A.R. Vernon'?**, R. F. Garcia Ruiz****, T. Miyagi®, C. L. Binnersley', J. Billowes', M. L. Bissell',
). %, T. E. Cocolios®, J. Dok i%, G. J. Faroog-Smith?, K. T. Flanagan'®,

. . . . . .
Q missing correlations MISSIN ph sics? Received:10,une 207 0 Goorgiew W, Gines.R. . do Groewe, . Heinke 1.t 1 usings,
b - Accepted: 28 April 2022 A. Koszorus®, D. Leimbach™?*, K. M. Lynch®, G. Neyens®?, S. R. Stroberg™, S. G. Wilkins'?,

X.F. Yang**® &D. T. Yordanov*®

Published online: 13 July 2022




&L TRIUMF Systematic studies in Sn region: In Isotopes
Comparisons with EDF (hit and miss): only VS-IMSRG reproduces trend for 1/2- isomer

. Experiment —— DFT HFB with time-odd fields
O Experiments in literature —e- DFT HFB without time-odd fields
— e - VS-IMSRG 1.8/2.0(EM) --e-- DFT HF without time-odd fields
VS-IMSRG N2LOgq —— DFT HF with time-odd fields
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Article
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abrupt change at magic number 82
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2 TRIUMF

Magnetic moments of even/odd Sb isotopes compared with nuclear shell model

Inclusion of gg/, orbit significantly improves results
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VS-IMSRG with effective g-factors of SM agrees with data — (1.8/2.0 as good as phen)
Missing physics in M1 operator — MEC?

Systematic studies in Sn region: Sb Isotopes




2 TRIUMF A Tale of Two Analyses: B(M1:1*—0%) in 48Ca

Three different experimental measurements yield different results
Papenbrock (Talk @ PAINT2024)

(e, e") scattering: B(M1) = 4.0 + 0.3 u% [Steffen et al 1980; 1983]
(v, n ) scattering: B(M1) = 6.8 + 0.5 u% [Tompkin et al 2011]
(p,p’) scattering: B(M1) = 3.85(32) — 4.63(38) u3 [Birkhan et al 2016]
Extreme s.p. model: B(M1) =12 u4 MB = [N Z (9ili= + gi0i.z)
S — 2p1/2
2p —— < —@— %fs/z
1f D3 /2
O 1f1

Theory 1980-2000: 7-8 u?y



& TRIUMF A Tale of Two Analyses: B(M1:1*—0%) in 48Ca

Three different experimental measurements yield different results
Papenbrock (Talk @ PAINT2024)

(e, e’) scattering: B(M1) = 4.0 + 0.3 u% [Steffen et al 1980; 1983]
(y,n) scattering: B(M1) = 6.8 + 0.5 ux% [Tompkin et al 2011]
(p,p") scattering: B(M1) = 3.85(32) — 4.63(38) ux% [Birkhan et al 2016]
Extreme s.p. model: B(M1) =12 y3 H1B = kN Z (gélz’,z + gf(f@',z)
- 6"'|"'|?"|"'|"'|"'
213 T T %?; ;j 5 | Experiment A
— < O N
1f —— %P3/ - @ NN+ 3N (emp)
o 4 g NN +3N (MBPT)
—O— 1f7/2 3—2 - B KB3G
~ 3F B GXPFlA
: = |
Theory 1980-2000: 7-8 u2y Z ,!
VS-MBPT with NN+3N £ Holt et al.
~Agrees if quenched p PRC(2014)

Excitation Energy (MeV)



2 TRIUMF

Three different experimental measurements yield different results

(e, e") scattering:
(v, n ) scattering:
(p,p’) scattering:

Extreme s.p. model:

B(M1) = 4.0 + 0.3 u%
B(M1) = 6.8 + 0.5 ux%
B(M1) = 3.85(32) — 4.63(38) ux%

B(M1) =12y kB =pun Y (9= + g)0iz)

A Tale of Two Analyses: B(M1:1*—0%) in 43Ca

Papenbrock (Talk @ PAINT2024)

[Steffen et al 1980; 1983]

[Tompkin et al 2011]
[Birkhan et al 2016]

b7 71—
21)1/2 - .
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Theory 1980-2000: 7-8 p2y 2 ,|
VS-MBPT with NN+3N iF Holtetal
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7 8 9

Moments ok w/o quenching ’s

What's going on/missing?

Excitation Energy (MeV)

Continuum: E(1*) ~ 10MeV, above threshold

Meson-exchange currents
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2 TRIUMF A Tale of Two Analyses: B(M1:1*—0%) in 48Ca

Monte Carlo calculations in light nuclei showed two-body currents do not quench
Papenbrock (Talk @ PAINT2024)

J'—J }' Method IA T+ p MEC Total
PS+V MS MD A

6Li(0*; 1) — SLi(1+;0) VMC 3.683(14) 0.307 0.003 0.010 —0.053 3.950(14)
6Li(0*; 1) — SLi(1+;0) GFMC 3.587(16) 0.323 0.002 0.012 —0.048 3.876(14)
7Li(%_) — 7Li(%_) VMC 2.743(17) 0.396 0.006 —0.017 —0.034 3.162(22)
7Li(%_) — 7Li(%_) GFMC 2.677(19) 0.395 0.011 —0.017 0.072 3.138(22)
7Be(%—) — 7Be(%_) VMC 2.420(30) 0.390 —0.005 0.010 —0.024 2.791(36)
7Be(%_) — 7Be(%_) GFMC 2.374(31) 0.394 —0.010 0.010 —0.002 2.766(36)
Marcucci, Muslema Pervin, Pieper, Schiavilla,
Wiringa, Phys Rev C 78, 065501 (2008) Thi:ig-i:r ‘o Thbpg;h/aps

what we will use similar to what

people used in
the 1980s
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& TRIUMF A Tale of Two Analyses: B(M1:1*—0*) in 48Ca

Coupled-cluster calculations including all relevant physics
Papenbrock (Talk @ PAINT2024)
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Bijaya Acharya et al., arXiv:2311.11438

Significant decrease from continuum and correlations

7RC do not atiench - final re<tilte hiaher than exneriment



2 TRIUMF A Tale of Two Analyses: B(M1:1*—0*) in 48Ca

IMSRG Calculations with 34 non-implausible interactions

r(1BC) = 0.67 r(1BC) = 0.67, r(1BC + 2BC) = 0.66 r(1BC) = -0.10, r(1BC + 2BC) =-0.13
O non-implausible ints. (1BC) -=—=- Exp. B(GT) O non-implausible ints. (1BC) —-—- Exp. Ej+ O non-implausible ints. (1BC) ——- EXp. Egs
@ non-implausible ints. (1BC + 2BC) in B(M1)  m=m Exp. B(M1) @ non-implausible ints. (1BC + 2BC)  mmm Exp. B(M1) @ non-implausible ints. (1BC + 2BC)  mwm Exp. B(M1)
Coupled Cluster B(M1) Coupled Cluster B(M1) Coupled Cluster B(M1)
"""""" L B e e B e S S B S B B B S S T T T T T T T T T T T T T T T T T T T T T —— T T T T T T T T T T T[T T T T T T T T T T T T T
: | |
10r ' i i
] i i
] ] ]
: | |
or i i i
i i i
1 o 9 1 Q Q 1
sl R s °g e 1 . °g o O 2 : 8
—_ 1 1 1
= ® 18 8 8 8 (] 8 8 8 18 8 o e ° 8 1 ® o 8
=
£
Q

B(GT) E{+ [MeV] Egs [MeV]

non-implausible interactions favor B(M1) from (-, n) exp. and
show partial overlap with Coupled Cluster calculation



L TRIUMF A Tale of Two Analyses: Magnetic Moments in Ca

Coupled-cluster calculations including all relevant physics for moments

- O0mO$3
10 my*on

10

1.8/2.0(EM), 1B
NNLOsy, 1B
ANNLOGo(394), 1B
ANNLOGo(450), 1B
Schmidt

1.8/2.0(EM), 1+2B 51Ca % ﬂ Q
|

NNLOsa(, 1+2B
ANNLOGo(394), 1+2B

ANNLOGo(450), 1+2B %
Experiment 49 Ca é ‘

I 80<cO
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¥Ca 4Ca 41Ca 49Ca ’ICa 08 1.0 1.2
Bijaya Acharya et al., arXiv:2311.11438 u (ratio to experiment)

Generally good agreement with data w/o quenching
Issue in 41Ca related to cross-shell excitations?



& TRIUMF VS-IMSRG 1 Moments: O — Pb

Ab initio calculations throughout the nuclear chart w/ 2BC A splimit
. . . i 170(5/2'1") - 0O uig Ql:l i
Ca discrepancies solved with multi-shell approach © i+ iae
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&£ TRIUMF VS-IMSRG 1 Moments: In Isotopes

Revisit discrepancies in In isotopes with addition of 2BC

Systematic agreement with experiment except in mid-shell region (deformation)
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&2 TRIUMF Next Step: Improve with IMSRG(3f)

Full IMSRG(3) improves results, but contributions scale N7 — N?

Explore contractions of 3b structures that can be factorized to 1b and 2b: IMSRG(3f)

Agf){ = [Qab , [Q2b , Hab3b)1b,2b k @ %
A(Q) I

GH b = f _|_fII _|_fIH

Agf){ o —r! 4 I 4 I pIv \ : y

FII I‘III FIV




&2 TRIUMF Next Step: Improve with IMSRG(3f)

Full IMSRG(3) improves results, but contributions scale N7 — N?

Explore contractions of 3b structures that can be factorized to 1b and 2b: IMSRG(3f)
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&2 TRIUMF Next Step: Improve with IMSRG(3f)

Full IMSRG(3) improves results, but contributions scale N7 — N?
Explore contractions of 3b structures that can be factorized to 1b and 2b: IMSRG(3f)
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Full IMSRG(3) improves results, but contributions scale N7 — N?
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