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Effect of two-body current on magnetic dipole moments
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= EM observables can be used
+ to investigate nuclear structure (shell structure, shape, ...)

+ to test theories

= To test our theories, we need:

+ (precise) experimental data

H|W) = E|0)
Oy ~ (¥[|Onm|¥)

+ reasonable starting nuclear Hamiltonian(s)
+ controllable many-body method(s)

+ higher-order contribution of EM operators (main focus of this talk)
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J
= Magnetic dipole moment: () = \/(J—I— (27 + 1) (Il T)

eh ] <
. Magnetic d|po|e Operator: K= m (gzl’b + 9; o.’b) Point-nucleon approximation

p
~::‘.’.'.I::0 Schmidt limit

eh ; l ; ) 1 ; 1
- J Iy — —9g, : =1 + -
<#> om, <lp]p||gzlz + 9; 0'2||lp9p> Jp |91 F (gl 29 ) 2, + 1] (Jp lp 2)

-~ ok U
- Neighbors of doubly magic: |J) & |Core : 07) ® |jp), Jp = J

T. Schmidt 1937
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1) = cof|Core : 0%) @ [p)] + D cilllin™) © liadl ® gl

Ptae - .- -
. ~, . ~
- .
~ ~
~ ~
. . - -

_ _ Ji Core polarization
v NN interaction

' ' : ~ — A. Arima & H. Horie 1954
- Arima and Horie computed ci perturbatively: © e fima orie

= Configuration mixing effect:

SPE energy gap

= Good agreement with data.

+ The deviation from the Schmidt value indicates how much the 0+ core is broken.



Motivations

= Ab initio IMSRG calculations

@ Experiment
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A. R. Vernon et al., Nature 607, 260 (2022).

—~e- VS-IMSRG 1.8/2.0(EM) -~ DFT HFB without time-odd fields
—e— DFT HFB with time-odd fields

- - - DFT HF without time-odd fields
—— DFT HF with time-odd fields

O Experiments in VS-IMSRG N2LOg

literature

+ CP is included non-perturbatively!

b A
107 111 115 119 123 127 131
A. Klose et al., Phys. Rev. C 99, 061301 (2019). L L L L L L
A Z=20 N =20 Schmidt limit =]
g 390g  +1148 39K +0.124 -
w B CEOTS00) 3D
sp g +0.930 +0.469
VS-IMSRG
37 Expt. ' Ca 37Cl 0.6841236(4) 251>
USDA-EM1 +0.770 +0.677
USDB-EM1 +0.754 +0.675
VS-IMSRG e /
.-.~_.__-___._I” ~\§'0\ /
36, : 5.0 - S
of "°Ca. Compared to the USDA/B-EMI1 calculations, the - N
VS-IMSRG agrees with the dominance of the (620) partition I*=9/2 Aln (Z= 49)
for *°Ca. However, the amount of the (522) partition that . . . . . i
gives the core-polarization correction is a factor of 2 larger. 58 62 66 70 74 78 82
The deviation is likely due to meson-exchange currents [39],
which are not included in the present VS-IMSRG calculations, N

but are included indirectly through the effective g factors in the
USDA/B-EMI calculations.
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Non-perturbative Q
:
1
Quarks & gluons ;
1
' @
- 3
1
I @
1
1
1
1
o 2N Force 3N Force 4N Force Nuclear many_body problem
@nye X}
>< | +l + Green’s function Monte Carlo
NLO T
(@/A9* |H]| + No-core shell model
Lo | 4] + Nuclear lattice effective field theory
(S5 ' e + Self-consistent Green’s function
NSLO X ¥ 2] HE S + Coupled-cluster
( A\ 1 | Y [
A SR L + In-medium similarity renormalization group

N'LO | | P [ + j fey + Many-body perturbation theory

(Q/A,)° + ' | 7
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Weinberg, van Kolck, Kaiser, Epelbaum, Glockle, Meil3ner, Entem, Machleidt, ...

| Lagrangian Construction Two-nucleon force Three-nucleon force Four-nucleon force
+ Chiral symmetry LO (@) >< H — —
+ Power counting ,
NLO (Q?) X {:jj: |-1 [j:::j [1 S— S
= Systematic expansion
+ Unknown LECs NeLO (@) +13‘ K + >< >’< —
+ Many-body interactions >< ++ } £ 1 N [>< I H
N3LO (04) e :\‘ :)('\ eoe /_',_ _\_\ '/!»—-4 3 vos FAR N P ] e
+ Estimation of truncation error
N4LO (Q) +'j +xt *N. L.j oo +::‘,-.. X... »-+-q:'." X‘ .
1 e--- $-1-4 ]

Figure is from E. Epelbaum, H. Krebs, and P. Reinert, Front. Phys. 8, 1 (2020).
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« Nuclear observables (EM properties, beta decay, ...) are measured through the interaction
between a nucleus and external field.

ion for c

Single-nucleon ; Two-nucleon Three-nucleon

a0 o ¢ T T
o 44 H M — o 4t H ot

o < 4- — = o — HH A -
ot -4 HH-H - A (] o b4 He Mol P

depend on dsg,182122 parameter-free depend on Cr parameter-free depend on dz5,6,15,23 parameter-free

WH WH w# é‘ (known) e 5{ v# WH 4>< JX g}l><

parameter-free parameter-free depend on Ct

Mx W>< “>< | §>< §>< ”X (known)

H_/ \%/_/
depend on C2457 depend on Cr depend on Ct depend on
and L1z (known) (known) 21234
\ Vector (EM observables, ...) / \Axial vector (GT transition, ...) /

9
E. Epelbaum, arXiv:1908.09349.

Single-nucleon Two-nucleon Three-nucleon
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« Nuclear observables (EM properties, beta decay, ...) are measured through the interaction
between a nucleus and external field.

ion for charge and current operators.

Single-nucleon Two-nucleon Three-nucleon 4
. 91i
Q3 S - 3 7L|” LI';* %
3 1°H meey 0O 9B
(083 PAg
] e v ] é‘ o 2- . 10
o~ e A O ime, Buee
o, oo* 8
; _ 1- 6L meox e
Qo e v\% oor —_— T =
2 0-
a ¢ A b A S P R B &, &
1 - .on ) .oe ---| s TR = R . eoe
‘ N *~ ‘~ ~1 oot o Se
depend on dgo 182122 parameter-free depend on Cr 7 Be meo” € l..* 9C
§ (known) oo
W]:I’ij WI}{ W)hﬁ Z_Z‘ -2 3He-0*
parameter-free 3 G. Chambers-Wall et aI., arXiv: 2407.04744.
/ \ W Experiment @ VMCla* N3LO O VMCla*LO 4 GFMCla* N3LO
M}( W‘\>< M>< ® VMCIb*N3LO o VMCIb*LO ¢ GFMCla*LO
D

H_/
depend on C2457  depend on Cr -4
and Li2 (known)
\ Vector (EM observables, ...) /

10
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« Nuclear observables (EM properties, beta decay, ...) are measured through the interaction
between a nucleus and external field.

jon for charge and current operators.

Single-nucleon Two-nucleon Three-nucleon

. T o
g eh = Z (47r (4m)3/2 o5 dq? / 1Q7(Q

Qr | w% ”Jr “”l ““* \ } ‘ No new parameters! LO 2BC appear at Q' order (N3LO)

0w d —_ o ’ 9 .

@ wd 4 Qoo =~ Cl;mod‘%y / dQY0(Q)5(Q)

o e b ] S P P

depend on dgg 182122 parameter-free depend on Cr
g ‘ (known)

W]I:’<Z1 MH W)t:::

parameter-free

3 ~
VRNV Mio = -ig> lim 5 [0 {(@x Valtn(@)} 7@

depend on C2457  depend on Crt
and Li2 (known) 7 3
\ Vector (EM observables, ...) / or M=-g4/ lim Vg x ()

11
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Valence-space in-medium similarity renormalization Qroupss; EtERFHRE Y5 —

Outside Valence Core

Core Valence Outside

evolution

-

Core Valence Outside

Similarity transformation

H
H(s) =~ E(s) +Zf12 s){alas} + -

s: flow parameter

H(s) = M) Hem )

Z ['1234(8) {a1a2a4a3}

1234

Center for Computational Sciences

. frozen core
—: valence
- : outside 40 1

o = nls) = 319s),n(s)] + -

n(s) =Y ma(s){alaz} + D n125:(5){aladasas}

12 1234
N2 = 1arctan ( 2f12 )
12 = =
2 fi1 — foa + 1212 + A
n L arctan ( 211234 )
1234 = =
fi1 + fo2 — fa3 — faa + Aq23a + A

Aq934 = I‘1212 + I'3434 — I'1313 — D'og04 — 1414 — 2323

fi12, 1234 : Matrix element we want to suppress

O(s) = ) 0e ) = O (5) + Z (’)12 {ala }+ - Z (’)1234(8){a1a2a4a3}
45 12
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RN : frozen core
@ ([ 2ee)\\\\ —:valence
—40F 1 l T T T I I I -
: ol Egs. of oxygen isotopes @ IT-NCSM :
| ~60 O MR-IMSRG(2) 1
Core Valence Outside - O VS-IMSRG(2)
evolution -80F -
p > _100} em A A-CCSD(T) -
5 = ., 05 & ADC(3)
© - N [l Lattice EFT ]
> . moel ]
% -140F o O : >
5 [ o O :
. —160- Two-body approximation ooy 0O 1,
Similarity transformal - A few % error in gs energy and radii ooyl —o-B 90K
H -180F | | | | | | | | |
1 12 14 16 18 20 22 24 26 28
H(s)~ E(s)+ Y _ fiz(s){alaz} + 1 A
12 1234

s: flow parameter
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Magnetic dipole moments

= Magnetic moment from IMSRG.

+ 1.8/2.0 (EM) interaction

= Single-particle analytical limits do not always explain
the experimental data.

« IMSRG gives better agreements, but not perfect.

+ Suppression from many-body correlation

170(5/23)

Y7F(5/27)

37CI(3/2%)

39K(3/27)

37Ca(3/2%)

39Ca(3/2})

“Ca(7/27)

415¢(7/27)

55Ni(7/27)

1311n(9/21)

1335(7/2%)

207T1(1/27)

209B(9/27)

X

O s

sp limit

* Exp.

X

X

(]

i

>0

X

O

O
X

X
O

O
X

-1.0

-0.5

ML S VR R S S S S N

0.5

Hcalc. _/Jexp.
|Uexp. |
TM et al., Phys. Rev. Lett. 132, 232503 (2024).

nces
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X splimit
Magnetic dipole moments ORI @ s o 1 -
T T sl
aEr)F X H © .
= Magnetic moment from IMSRG. sa(3/24) | X o |
+ 1.8/2.0 (EM) interaction 3ca(321) b [ oX .
MCa(3/21) | ox B
- Single-particle analytical limits do not always explain YCa(72y) "R '
the experimental data. “sc(7/27) & 1
>Ni(7/27) X x © 0O
= IMSRG gives better agreements, but not perfect SN o -
1335p(7/21) | Xd 0 .
207T1(1/2F) | x B X -
= 2BC globally improves the magnetic moments. 209gi(9/27) - o .
+ Enhancement from 2BC “10 _6}15. B 0.0 0.5

[Hexp. | 15
TM et al., Phys. Rev. Lett. 132, 232503 (2024).



Is 4°Ca magic?

= 2BC makes agreement worse.

= Activating the *°Ca core explains the magnetic moments better.
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S12d32f72032(B=3)  —&— pf
S1/2d312f7/20312(B = 4)

_O_
= The radii are not explained. Further investigations are needed! v
1 1 1 T T O 3
10F © -'é- . --- sp limit ]
-} — EXD. —
. N
0.5 | O His+ M2, Single d é 0.2}t
O M1+ 2, Multi g
00 = - o
E = 0.1
\3 —-05 | 3/2+ 7/2~ . ng '
|
-1.0 | | I
— 0.0r
-15 | O (o] o 43' J L
O
-20F 4 1 i " S T —-0.1
37 39 41 43 45 47

VS-IMSRG(2), 1.8/2.0 (EM)

ACa 16
TM et al., Phys. Rev. Lett. 132, 232503 (2024).




Mass dependence of 2B contribution S

= The size of 2BC contribution is larger in heavier systems.

Mg (Un)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

T T T T T o T Dl dd N Z_MZB) ]
o _
o
O
o

1 1 1 1 1 1 1 1 O ]

25 50 75 100 125 150 175 200

A

TM et al., Phys
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Mass dependence of 2B contribution
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2B 2B 2B
K7 = Mingr T|HSachs :u’%]:chs X Z(Rij X Tij)VOPE(Tij)

= The size of 2BC contribution is larger in heavier systems. i<j

Dominant in heavy systems

= The simplest configuration limit is 0" core + 1 particle (or hole)

TNl Ty ~ Y > F(prder D pg : Ilullpg : T)

= |rp - rq| < 1-2 fm because of pion-exchange potential

R2u(R) (uy fm=1)

0.15

0.10

0.05

0.00

gE€core [

q rpgS1-2 fm

P (high 1)

qu ~ FOA1/ 3

NiZChS o< (Rpg X Tpg) V™ (Tpq)

The peak position moves to larger R for
heavier systems.

18
TM et al., Phys. Rev. Lett. 132, 232503 (2024).



2BC effect on M1 transition

= M1 transition in pf-shell nuclei

= 2BC slightly enhances the major

’
B(M1)’s.
O 1.8/2.0(EM)
2L O { NNLOw ]
O ANNLOGo(394)
az $8  ANNLOGo(450)
-~
=10
+
5 Clie EQQ“ :893
LR . =
+
< (r.n)
§ 6
Q
4F (e,e") 1

B. Acharya et al., Phys.Rev.Lett. 132, 232504 (2024). .
Exp. W. Steffen et al., Nucl. Phys. A 404, 413 (1983); D. I. Sober et al., Phys. Rev. C 31, 2054 (1985).

A\ B) ) B)
€$? o CSQO Cc$ D\\‘\’l CSD'(—’S\\’\’l

Recent CC study found
similar results

B(M1; 0F ¢ —»17}) (uf)

B(M1; 0} ; »1%) (uf)

S

VS-IMSRG(2), 1.8/2.0 (EM)

- )
B 1+2BC
_ lm 1BC
B Exp.

48Ca

32Cr

6 7 8 9 10 11

Eyx (MeV)
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4 F

507]

L

| 100 states with LSF

8 9 10 11 12
Eyx (MeV)




48Ca M1 transition

34 non-implausible interactions are from B. S. Hu et al.,

o

B(M1) [p3]

CC result is from B. Acharya et al.,

Nat. Phys. 18, 1196 (2022).

HBKF

SR
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S

C. Brase

Phys.Rev.Lett.

132, 232504 (2024).

W. Steffen et al.,
J. R. Tompkins et al., Phys. Rev. C 84, 044331 (2011).

TU Darmstadt -
Non-implausible ints. (1BC) ¢ 18/20EM (1BC)  ---- Exp. B(GT) | E}. | Egs CC B(M1)
Non-implausible ints. (1BC + 2BC) 0 1.8/2.0 EM (1BC + 2BC) Exp. B(M1)
..... e e
: r(1BC) = 0.67 |  r(1BC) = 0.67 : r(1BC) = -0.10 ]
E r(1BC + 2BC) = 0.68 i i
1 1 1
1 I |
I O ®° o O Q %% ® ! o8
: ®°p o (C)
Q % \ ?q: o& 6 ,p
a0 @ 1 Tl ' T:g | 6 o
1 1 | I i
i e O 1 © ) | o) © & | o) ]
.8 EQO (%) QQQ © i & 6 Qi (] ©
1 I 1 1
o | i o
(ee) 1 (e,€) i (e,€’) i
..... | I T T S SR R S S T S S S A T S TR R SR T S
1 2 3 4 ) 6 8 10 12 14 390 400 410 420 430 440 450
B(GT) E}, [MeV] E,.. [MeV]
Exp.:

Nucl. Phys. A 404, 413 (1983)
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= Magnetic dipole moments
+ For most of doubly-closed shell nuclei +/- 1 systems, the 2BC improves the agreements.

+ 2BC effect becomes large for heavier systems due to the 2B CM dependence of the operator.

= M1 transitions

+ 2BC effects are small in all the test cases.
+ For 48Ca B(M1 0+—> 1+; 10.23 MeV), the 34 Nl interactions yield ~ 5 - 8 un?..

*Uncertainty quantification is required to make a conclusion

= Future works:
+ 2BC effect with finite momentum transfer Q

+ Uncertainty quantification
21
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= Initial Hamiltonian is expressed with respect to nucleon vacuum

1 1
H = thqa;;aq + 1 Z qursa;r,agasar + %%qmtuagﬁa};alauatas

pq pars

+ Hamiltonian normal ordered with respect to a single Slater determinant

1
H = Ey+ prq{a aql + — Z Tpers{alalasar} + 36qur3tu{apa Talayasas}

pqrs

1
EO = thqppq + 5 E V}quspprpqs Z qurstuppqutprua qurs = %qrs + Z ‘/;)qtrsuptu

Pq pqrs pqrstu tu
1
qu = tpq + Z ‘/prqsprs + 5 Z Vprsqtuprtpsua qurstu = V})qrstu
s rstu
+ Normal ordered two-bogy (I\LQZB roximati on 1
g ?qu m Z qurs{a asar} 23

pq’rs
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Hl\Ij> — Eg.s.|\Ij>
BQHe_QiFQN;) = B 5 eﬂ|\p> o |
ﬁ|ref) = B, |ref) Similarity transformation

N Y e A D W

\ :
|\II> = Co g/ + cpqg/ + CPYs Eﬁ chfstu@/ + ...
* Multiply e

]
ref) = E/ All the complicated stuff is taken over by Q.
= How can we find Q operator?

+ Coupled-cluster method (CCM), in-medium similarity renormalization group (IMSRG), ...

Multiply e to both side

= Similarity transformation

ref> |1p1h> [2p2h> ref> |1p1h> [2p2h>

=

24



Model-space convergence

= NN+3N Hamiltonian (harmonic oscillator basis)

= Parameters:
+ hw
+ emax=max(2n+l)*

+ Esmax=max(e1+ez2+e3s).

= As emax and Esmax increases, the observable
should not depend on all the parameters.

*Equivalent to (number of major shells)+1
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Esmax convergence in heavy nuclei

File size (GB)

10°

10*

102

10°

1072

o0 ©
—o- full Eyeiye
—o- NO2B o
5
10068 20 __ o __
/01
/Ql
L /®/ -
/O/
12 16 20 24 28 32 36 40
E3max

— =U+M+w +W

NOZ2B approx.

NO2B approximation error ~ a few %

[S. Binder et al., Phys. Rev. C 87, 021303 (2013).]

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

0 MBPT(2), emax = 14 |
_1060 B ;O IMSRG, emax - 14 .
: 132G
@)
—1080
- 0O
o RIS
—1100
L LV e TP T ] Exp.
(a) SSeeoos
Previous Iimité
_1120..|...|.1.|...|...|...
12 16 20 24 28
E3max
. E3max_/i "
Asymptotic form: E =~ Ay: Kf> ]+Eoo 26
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™, S. R. Strober%, I;.SNavrétil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022).
1 I I I 1 | . 1 1 1 || 1 1 L] L]
P - aasaaas NN _
. 132g, S/ s
e 4325 F 7 m-E-0000-08 S 023 F -
< oo/g}) | gBEEEE =0
3 43001 0%, B Exp.:4.709(8) fm - 1 o022F )
r:‘f" v 4 g .
4275 ¥ / - T o021k . 1
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
02 Esmax — '\
—~ 4.56 . . {2 A 3max r2
E Q,Ofﬁ.- O Hartree-Fock Asymptotic form: (r®) ~ Avy: [( - +(r%)oo
~ 4.54 F o’ & { HF-MBPT(2) -
& o O/\A1 O IMSRG
~ 452F / Q. -
oM |
4.50 F 748 neutron radius _
_ﬁl- 1 1 1 1 1 1 1
14 16 18 20 22 24 206 28 27

E3max



Convergence of 2°Bi

Eq.s. (°°°Bi, 9/27) (MeV)

Eq s (?°9Bi, 9/27) (MeV)

—1300

—1400

—1500

—1600

—1700

hw (MeV)

-1300 } b~1\/2€emax >550 MeV |
~1400 F % |

~1500 F §

~1600 | | "3 1

_1700 1 1 1 1 1 1
75 80 85 9.0 95 10.0 10.5 11.0

‘\/z
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Eoo + Ao exp(—2koo Lesr)

nocc 2
L2 a’ ’{’2l Gny
nocc n 2
L9 K’nl 2b (Nl + 7/2)
b2 = i
mw
N — €max €max +{ =0 (mod 2)
"7\ emax—1 emax+I1=1 (mod 2)
ny;° : occupation number of an orbit specified by n and [
any : (n+ 1)-th zero of the spherical Bessel function
3-60 1 1 I 1
®@ emax=10 (¢
355f 9 Cma=ll -
_— ’
=
=
—~ 350 o
N
o)
D 345 -
3
340F ¢ §
8
3-35 1 1 1 L
12 14 16 18 28

hw (MeV)



M (Un)

VS-IMSRG(2), 1.8/2.0 (EM), emax=14, Eamax=24, hw = 16 MeV

6.75
6.50
6.25
6.00
5.75
5.50
5.25

5.00

Magnetic moments of In isotopes

 p—m—
sp limit
MiB
MiB + U2B
Exp.

RN FEHEEY Y —
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J J
= Expectation value: el )

[JM) =[|j1...5a-1:07) ® |jpmp)]dj, 70m,m

= The simplest limit:

= The expectation value depends a particle in the core and last unpaired particle.

(TNl T) = 855, > (PO : Gpll1pq[PO : 7p)

=61 D, D - 2I+1.q (PO, pllhpal[(PD)T, 0 = Gp)

oT+1, . .. W I
=615, sz +1(—1)”p“"““{ oo }(pq:IHuIIpq:I)
gE€core | 9

30
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- The simplest limit: JM) =[lj1...Ja-1: O+> ® |jpmp>]5ij5mpM

= A simpler expression:

() ~ > (pqliilpq)

g&core
~ 1 21 + 1 o 9 I 7
— 5 CcJ1J —1)IptIgtI+1 p - q }
(pqlilpg) JJp\/2J+1 07 2 2jq+1( ) T g, 1
« vH I [ijjq[ ]2 ! (pq|u|pg)
C.g]—-i;[quJ-i—mq quJ+mq ]- _I_ 5’np’n/q 6lplq5jqu 5tz,ptz,q

31
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p/
u:—%VQX %4 %MNZ(Qfo'H—gﬁli) (@ = 0)
p

/ /

| P D5 D1 q P
p=—5Vax M ' * ST U (Q 5 0)
1<g
P1QP2 Q P11 Do ’

it = AT (7)), { <1 " —> L. ajg migli _ (o: x Gj)} o

16’/Tf7% CE,L'j x’ij
2m2m
phs = —py gisw fgp (1: X Tj)2(Rij x Tij)Vig(ziz)
T
3 3 e i 1
Vij(@s;) = [Sij (1 + x—2> + (0 - Uj)] T g oy)d(@)
] j ] ij 32

Lij = MgTij



