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Heavy-mass frontier in ab initio methods
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Heavy-mass frontier in ab initio methods
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Non-perturbative Q
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Quarks & gluons
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o 2N Force 3N Force 4N Force Nuclear many_body problem
(Q/A))° ><H
X\ Hl + Green'’s function Monte Carlo
NLO Rl B B
(@/A)? |:;,H7::112;,¢| + No-core shell model
l + Nuclear lattice effective field theory
I\'I\'L()l + H -4
(@/AY” X X + Self-consistent Green’s function
NYLO X 11 1 + Coupled-cluster
o + 1= X o + In-medium similarity renormalization group
N‘LO |+ t $:18 [ + { . + Many-body perturbation theory
(Q/A)° - 5
B DU +
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Weinberg, van Kolck, Kaiser, Epelbaum, Glockle, Meil3ner, Entem, Machleidt, ...
= Lagrangian ConStI’UCtion Two-nucleon force Three-nucleon force Four-nucleon force
: (\ )
+ Chiral symmetry Lo @) >< H _ _
+ Power counting
. . NLO (Q2) X {:1:: |-1 [jxjj [1 — —
= Systematic expansion
4+ Unknown LECs NELO (@9 +;;;;| + (+ X >K) o
+ Many-body interactions
i . oo | Xt - LB D TH L
+ Estimation of truncation error ¥ ) ' N
N4LO (Qs) +j +xt * Li + X + ><
< - ,---- 3 Y
In this talk 1.8/2.0 (EM) IS mainly used. Figure is from E. Epelbaum, arXiv: 1510.07036



H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and K. Tsukiyama, Phys. Rep. 621, 165 (2016).
S. R. Stroberg, H. Hergert, S. K. Bogner, and J. D. Holt, Annu. Rev. Nucl. Part. Sci. 69, 307 (2019).

Valence-space in-medium similarity renormalization group
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Similarity transformation

H
H(s) ~ B(s) + 3 fuols){afas) +

s: flow parameter

> Tiosu(s){aladasas}

1234

H(s) = &) He9(s)

. frozen core

—: valence

: outside a0 » ]
ds A

n(s) =Y ma(s){alas} + Y niosils){alalasas}

1234

N2 = —arctan ( : )
12
2 Ji1 — faz + Ti212 + A

1aurctan ( 21234 )
2 fi1 + fo2 — fa3 — faa + Ajoza + A

Aq934 = T'1212 + 3434 — T1313 — o404 — 1414 — Dogos

11234 =

f12, 1234 : matrix element we want to suppress



Model-space convergence

= NN+3N Hamiltonian (harmonic oscillator basis)

= Parameters:
e=3
+ hw E3=5
+ emax=max(2n+l)* ‘ — e=2
4+ Ezmax=max(e1+eztes). \ ‘
& e=1
hw
= As emax and Esmax increases, the observable e=0
should not depend on all the parameters.

*Equivalent to (number of major shells)+1 8



Extension of Esmax truncation

TM, S. R. Stroberg, P. Navratil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022).
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Extension of Esmax truncation
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TM, S. R. Stroberg, P. Navratil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022). ] JT—coupIed
10 T T T T T T T T T T T
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--©-- full @'O’O
—~ 10%F NO2B o I
NO wrt reference E'B @,@r
9 102110068 2 __ e 9T
H=Ey+ Z qua Qg + - Z qursa asar + 5= 2 9/
pqrs g Ql,
NO2B approx = 100t o _
l@/
10-2 . emax - 16
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Extension of Esmax truncation
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TM, S. R. Stroberg, P. Navratil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022). ] JT—coupIed
=5 Tl + 1 3 Vool + 55 3 Voasafalasan RS
pqrs pqrstu "@“ fU” GIO’O,
—~ 10*} NO2B o T
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v ».100GB __.@
N 10¢ ===== . At O e
H = Fo + Z qua ag + - Z qursa asar + By Z W, Qo Gt s b &
pars 9 ]
L 0 7
1 1 10 B /@ T
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B 1 10—2 I T L
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Extension of Esmax truncation

TM, S. R. Stroberg, P. Navratil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022).

] JT-coupled
=3 T+ § 3 Vot 55 3 Vol T S
pqrs pqrstu "@“ fU” e’OfO’O
—~ 10*t NO2B o y
NO wrt reference 5_,03 &

N 107 pE= - g —— gt — —— -

H = EO"‘prqa aq + — erqrsa asar+_ Z W, ! Tauatas ‘n

pqrs Q

e 0
X 10 :
EO = Z tpqppq + 5 Z qurspprp P tPru
Pq

12 16 20 24 28 32 36 40
E3max

If the reference state is spherically symmetric, =1y and ji=ju.
The JT-coupled representation enters NO2B approximation:

<pq‘l" : JququlvgN’NOZB‘Stu : JsthtT> = 6l,«lu5j,~ju5Jqust Z(2J + 1)<pq7“ : JququTlvgNlStU : JStTStJT>
J 12
* A new normal-ordering technique in the Jacobi coordinate is also available: K. Hebeler et al., arXiv: 2211.16262



Implementation of 3N TM transformation for NO2B approx.
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= Matrix multiplication form

P'q'r": Jp’q’Tp’q’T‘VBN’NOQB par : JpgTpeT)
= 601,105,500, 0,0 > QJI+1) Y
J Nem Lem Jrel E'i' Ei
X (p'q'r" i Jp Ty g JT|Nem Lem B8 Jre1 = JT)
X (E't" : JaT|Van|Ei : JraT)
X (NemLem Eidrel : JT|pqr = JpgTpgJT)

= Channel-by-channel MPI parallelization.

+ # of channels ~ 30000 (emax=18, E3max=28)

- ¥

JNcmLcm Jrel

(NemLem Eidvel = JT|pqr : JpgTpeJT)
=) (BiJiaT|EaliaT)

X (Nem Lem Eadyer @ JT|pqr : JpTpqJT)
a = {ni2, L2, $12, j12, 3, ls, ja }, (trz = Tpq)
Memory requirements for a channel:
: CFP~0O(1) GB
. T coef. ~O(100) GB
B : T coef. (Asym) ~ O(10) GB
: 3BNME (Jacobi) ~ O(1) GB
B : 3NME (Lab.) ~ O(0.1) GB

E3max=28 takes 2-3 hours using 100 (nodes) x 48 (cores) 13
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= A numerical code for the NN and 3N matrix elements is available.
+ https://qgithub.com/Takayuki-Miyagi/NuHamil-public
A Takayuki-Miyagi / NuHamil-public ' public X PN @®Unwatch 1 ~ % Fork 0 ~ % Star 0~

<> Code () Issues 1% Pullrequests () Actions [ Projects [OJ Wiki @ Security |~ Insights 3 Settings

¥ main ~ ¥ 1branch ©1tag Go to file Add file ~ About 3

Matrix elements of NN+3N interactions

H Takayuki-Miyagi Update README.md 03e0e83 40 minutes ago Y 5 commits based on chiral effective field theory
B doc Updated NuHamil.pdf 1 hour ago fortran ab-initio nuclear-physics
fn exe Imported files 1 hour ago 0 Readme
M input_nn_files Imported files 1 hour ago &8 GPL-3.0 license

¥¢ O stars
fm src Imported files 1 hour ago

® 1 watching
8 submodules Imported files 1 hour ago % 0 forks


https://github.com/Takayuki-Miyagi/NuHamil-public

E3smax convergence in heavy nuclei
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TM, S. R. Stroberg, P. Navratil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022).
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TM, S. R. Stroberg, P. Navréatil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022).
1 I I I 1 | O 25 | 1 | 1 1 1 L] LI
ool oaa¥bREREE] _
_ wisn o & £
€ 4325 F 9,,0 B-088808- S 023F -
3 43001 o4 B Exp.:4.709(8) fm - T o022F -
= J / i 5
4.275 f / n NPS 0.21 F : -
el proton radius = = neutron skin
4.250 f L '.. 1 1 1 L 1 1 [ 020 1 1 1 1 1 1 1 1
14 16 18 20 22 24 26 28
4.58 l I I E3max
—~ 456 F : ) 742 A 3max TQ
E Q,Of ﬁ S Hartree-Fock Asymptotic form: (r°) V2 K - + (r*)
~ 4.54 F o’ & { HF-MBPT(2) -
& o 0,3 ’ O IMSRG
e 452 B / . =
O/Q/Ff |
4.50 F a3 neutron radius .
_ﬁl:' 1 1 1 1 1 1 1
14 16 18 20 22 24 26 28 16

E3max



EM observables

Magnetic moment (uy)

Quadrupole moment (efm?)

5.00

4.98

4.96

4.94

4.92

4.90
30.6

30.4

30.2

30.0

129]n, VS-IMSRG, 1.8/2.0 (EM), emax=12

-0 9/27

| Exp.: 5.5961(23) un L
[ 0— —0 o o]

_ Magnetic moment

Exp.: 48.7(13) efm?2

- 40_
Quadrupole moment

18 19 20 21 22 23 24

E3max

—0.50

-0.52

—0.54

Experimental data: A. R. Vernon et al, Nature 607, 260 (2022).

-0 1/27

Exp.: —0.3871(6) un
. o

_ Magnetic moment _

18 19 20 21 22 23 24
E3max

Convergence is OK.

Disagreement with the experiment
Nuclear Hamiltonian
Many-body approximation
Higher order EM current




101§

Near degenerate single-particle structure

350

Valence-space IMSRG approach

. . 300
The valence-space dimension > ~ 1013

250

+ Exact diagonalization is impossible

200

Quasi-particle vacuum shell model g

(QVSM) 2 150

Error of QVSM is the order of 10 keV 100
N. Shimizu et al., Phys. Rev. C 103, 014312 (2021). 50

=50

A larger Ezmax is needed in the light tin
isotopes.

80Zr core sdg shell
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1 . 1 1 1 1
: 101gn, VS-IMSRG(2), 1.8/2.0 (EM), emax = 14

ITSM  *

QVSM

T
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\. A0 N 10 7L
2
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T. D. Morris et al., Phys. Rev. Lett. 120, 152503 (2018).




Neutrinoless double-beta decay
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2 Phase space factor
m
Lifetime: o = GV M| \msp) Nuclear matrix element
1/2 e Neutrino mass

NMEs depend on many-body methods (~ 10 times different in lifetime)

J. Engel and J. Menéndez, Reports Prog. Phys. 80, 046301 (2017).

8
T T T T T T T ]
- I\JR-EDF A b —e— Parent ref. ---- Extrapolation in E3max W EM(1.8/2.0) Ml Ao W NALO
7— REDF w —] —=— Daughterref. e ® Complete 3N forces Wl EM(2.0/2.0) W N3LO.n.
G*QRPAJy p NS ] AT T T T — 14
—oRPATu T l I A4 ] — 76GeI:
[ QRPACH + ¥ v b S v L
5 — ] 4
E oBM2 m g L vV a ]
R = KVLY =
s SMStMTk @ | ) ]
= I - ]
3 | .} -
- v oy ©® e =
SFE A : b A
F m T z - 12
C + 7
11— @ -
— L L L] L
0 1 1 T R —— T
1031 = —
F I Y E
r e T + ]
N; | T T ]
] t10
[} [} 5 [ J » i d
1S 1030 E A f‘t oo P =
= E A X "y g
= r v 1 x A4 A
€ B T + 1 "
S 102 | “ -
[ E v 3
: : | 1 L 1 L L1
- ‘ o N L ‘ 1616202224262830323436 3640424426 P 16162022242628303234363640424446 P 16162022242628303234363840424446 P 8
10 E3 E E
48 7682 96100 116124130136 150 max 3max 3max

€max

MEPP € [2.10,3.19)
MOYPP € [1.52,2.40)
MR PP € 1.08,1.90]

VS-IMSRG result

19

A A. Belley et al., in prep.
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Neutron skin of 208Pb and EoS parameters

a B. S. Hu et al., Nat. Phys. (2022)

208Pp can connect Finite and infinite systems

+ Neutron skin and nuclear EoS parameter

- 2
Delta-full EFT up to N2LO Rskin(zogpb) [fm]

34 Nl interactions consistent with few-body and
160 data

Posterior predictive distribution
+ Calibrated by 48Ca data
4+ 0.14 < Rskin(2%8Pb) < 0.20

I I I I - I I I I I T 1
-17.5156.612.5 0.156 020 25 30 35 25 50 75 200 300 0.150.20

See Christian Forssen'’s talk EVAMEV]  poffm=1  SMeV] LMVl  KIMeVl Ru. (%Pb) fmi
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Magnetic moment

= The magnetic moment is also an indication of the magic number. L . - * ]
* [ ]
- s : -, ® Li P
Importance of 2BC is already shown in light nuclei and would be 2 ! 4 ) -
_ . _
true for heavier systems. A T -
" ’H OLi
= 0@ GFMC(I .
- E}FMEET/:))T) o °C
1l-% EXPT oBe ”e ¢
i L n 3He e )
= The analogy to the Gamow-Teller transition also suggests an effect o * o |
of 2BC on the magnetic dipole operator is non-negligible. al |

P. Gysbers et al., Nat. Phys. 15, 428 (2019).

Be—10

- 1.8/2.0 (EM)
L 2.0/2.0 (EM)
L 2.2/2.0 (EM)
L 2.0/2.0 (PWA)
L 2.8/2.0 (EM)

___|

1
= N Z [ (14720l + 5 (gfs + Tizgiv)si|  gis = 0880, giy = 4.700

F NN-N*LO+3N,,
- NN-N*LO+3N,,

GT = Z SiT+i

7

‘—— oM SiyL

o

|

I NNLO,,
I Ref. 2°

I Ref. %
- ESPM

Q
P —D> g - SMMC
A &—— A 3 I LSSM
<4 g - QRPA
\ 4 ! + FFS

21
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A. Klose et al., Phys. Rev. C 99, 061301 (2019). A. R. Vernon et al., Nature 607, 260 (2022).
@ Experiment —e- VS-IMSRG 1.8/2.0(EM) —e- DFT HFB without time-odd fields - - - DFT HF without time-odd fields
O Experiments in VS-IMSRG N?LOg, —— DFT HFB with time-odd fields —— DFT HF with time-odd fields
literature
VS-IMSRG, 1.8/2.0 (EM) b A
107 111 115 119 123 127 131
A Z =120 N =20 l . l l l l
p g CH1.148 D 50124 D Schmidt limit ==
39 Expt. +1.0217(1) [23] +0.3915073(1) [24] .
sp g +0.930 +0.469

VSIMSRG (1349 D 0035 >

37 Expt. 0.7453(72)> 0.6841236(4) 251>
USDA-EMI +0.770 +0.677
USDB-EMI +0.754 +0.675

. e - - ——— /
_— e ™ -
.'-~-..__-—--—" —— - !/

of 3°Ca. Compared to the USDA/B-EM1 calculations, the
VS-IMSRG agrees with the dominance of the (620) partition [* =9/2* Aln (Z=49 i
for 3°Ca. However, the amount of the (522) partition that i i n ( T ) i . i

gives the core-polarization correction is a factor of 2 larger.

The deviation is likely due to meson-exchange currents [39], o8 62 66 70 74 78 82
which are not included in the present VS-IMSRG calculations, N

but are included indirectly through the effective g factors in the 22
USDA/B-EMI1 calculations.
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= LO 2B contributions phD thesis by R. Seutin
+ Independent of LECs
fop = Y i 4 piet
1<j
ll’lntr _u gAmﬂmp( < T ) 1 + i [(01 X 0']) wz]]wzj . (0_ X o ) e Tij
E N 16mf2 ~ "0 77 Tij 7 Lo e e
2,2 _ -7 | -
M?JaChS K giglwf?p (73 X 7)2(Rij x @45)Vij(2i5) f(r

= Sachs term depends on the CM coordinate. The TM transformation becomes a little expensive.

23
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VS-IMSRG with 1.8/2.0 (EM) interaction
5 emax=12, hw=16 MeV —oma 14, Esnacd, AWSTO MeV
a A One BodyIMSRG A 6.75 - ——- Schmidt limit "=~~~ ~~~~===7=777/===—— :_______-
4 Two Body IMSRG O 1B Aln (2_49)
129 «  Experiment 650" @ 1+28 |
A 6.25 F — EXp. Qo -
104 . * '
-~ 6.00 o -
0.8 3 (o) (o)
- * . 3 575 F © o — 00 o o -
= 1 —_ (o) — (o=
00 s 550 F o OO0 ———=—_" _ =7 0.
(o) o O
0.4 * 525 |- lo) OO o o -
= Oo0oo0?© o
0.2 A 5.00 | o) o -
] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ]
0.0 50 54 58 62 66 70 74 78 82
) N "
ca37 CI37 ca39 K39

Element

Sachs term is dominant in heavier systems: [Sachs ~> Mintr
X.Caoetal,inprep. 24



Summary & outlook

= Newly introduced 3N storage scheme [TM et al., Phys. Rev. C 105, 014302 (2022).]
+ Many applications:
< Electromagnetic properties around 1325n
< Neutrinoless double beta decay of 136Xe [A. Belley et al., in prep.]
<+ Neutron skin prediction for 208Pb [B. S. Hu et al., Nat. Phys. 18, 1196 (2022).]

= 2B M1 operator improves the magnetic moments. [X. Cao et al., in prep.]

= Future perspective
+ Improvements in IMSRG frameworks for E2 observables.

+ M1 transitions with 1+2BC.

25
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= Computation of T-coefficients can be a bottle neck.
Usual LS-like recoupling New jj-like recoupling
NemLemEadee : JT s Jpa Lo T
< adrer : JTIpar s JpaTpq JT) . (NemLomEadver : JT|par : JogThaJT)
Srsatye I \/ U]l ]{ pon } b s
= Oti2Tpq JpllJall'pqll1512 a Sq¢  Jq . p p P
lpq lpg  s12 Jpg —5t12quZ\/[]p][Jq][lpq][SH]{ lg  Sq  Jq }
x> (Ni2Lia, mashia ¢ lglnply, gl : lpght g by S12 Jpg
NiaLio X Z (N12L12,n12l12 : lpq]nplp,nqlq : lpq>1
Z {lpq S19 Jpq } Ni2Li2
X pq []r L] r Sp Jr L l l
-1 Lis+sio+li2+Jdpg : { 12 12 Pq }
L S | J ) | x (—1) [lpq][Jm] s12 Jpg iz
% (_1)l12+lr+lpq+/\ [l ][)\]{ 12 12 pq } _ _ . L J
Z/\: pq I, L X > Z _1)J12+JT+Jpq+A /[Jpqll A lef }2 Xq
X (NemLem, 1313 : A|N12 L1z, nele = Ao A —
_1\Li2+l-+s-+A / 12 r
XZ(_l)Lcm+l3+ll2+L [)‘HA]{ lglc;n ng 2 } X z)\:( 1) []7’]{ S A jr }
A
N Lo, ni3ls : A|N12L1a, nele : A Equivalent to 12j
X (—1)femtATSHS [L][Jrel]{ Lém /} JLI} ! ol Ahaba . i J

L I3 A
. X 1 Lem~+l3+s-+A / cm 3 .
lig 512 Ji2 } (- A g3

87"
x (—1)fethasbambde [ju][js][A][S]{ I3 s Js

AS x (—1)Lentistinetd T Jrell{ Tem }—1)3’12*3‘3-*61

26

6 summations 4 summations



Benchmarks

= Jacobi NCSM
4+ N3LO (EM500)

+ SRG softened (1.8 fm-1, NN-only) "
+ Nmax = 2-20
= Consistent with Faddeev calculations
= Intrinsic term is dominant: Mintr ~ USachs 3
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