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Role of pairing in semi-magic nuclear ground states
based on Bogoliubov coupled-cluster calculations

war o 15
w1 91 %0

2 83 50,0000 1 A8 S Qs
Dt 01 30001 AERa 00
W1 OTICHLIHT OF 100 Bo01 O 14
21 0711305567 01110
10 1001

001 O11 i
10100 s 10O 100

aeid U1 Ve,

b 21 0k
WMoY 000
01 01109 s
1 014001 Q7100 ”

M1 OT11%
31 271 O 1103

'l A2 9 110 1 1008
R Q3 53] 3 OV P O1110)
oy 20901 T O00NL (4 0 3 o
e 20 O 210N -

’ ‘ 10D

Pepijn Demol

© A Sproles, ORNL

ESNT “Where has the nuclear pairing gone?"- (FA Saclay
20 May 2025



Content

1. (Correlation expansion methods and symmetry breaking
2. Bogoliubov many-body perturbation theory
3. Recent results from Bogoliubov coupled-cluster (BCC) theory

4. Pairing properties studied at HFB and BCC level

fwo EERE fn's e




Content

1. (Correlation expansion methods and symmetry breaking




Ab initio approach to nuclear structure

W Stable

[ Atomic mass evaluation 2020

M Energy density functional (Gogny D1M)
B Ab initio 2024

Proton number Z

T
|||||

A Data taken from: 32 52
M. Wang et al., Chin. Phys. C 45, 030003 (2021) |
S. Gorlely et al EPJA 52, 202 (2016) REINEEEREES
H. Hergert (private commumcatlons)
Courtesy of B. Bally
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5 Neutron number N
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184

Ab initio

Solve the A-body Schrddinger equation:
H|¥2) =E, |U.))

using controlled approximations
—  systematically improvable

— Pushing ab initio requires computationally affordable (polynomial) many-body methods
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Correlation expansion methods

~ Mean-field-ike /1, |D,,) = EV|D,,)

H|V2) = E, |[U))

Partitioning; /7 = F, + 1, —> (orrelation expansion |V2') = W, |D,,)

OO0
L aa
LA A

v closed -shell

s 2 &
X open -shell

Many-body perturbation theory (MBPT)
)\ : Taylor expansion in powers of

Coupled-cluster theory (CC)
W = e with cluster excitation operator 7 ( H )

Symmetry breaking of /1, & H,

|
Lifts degeneracy

a8 2,00y
9@
LA A

e3s

v’ open -shell

J




Semi-magic nuclei spontaneously break U(1) symmetry associated with pairing correlations

Proton number Z

Neutron number N

-
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U(1) broken correlation expansion methods

—> Hartree-

Fock-Bogoliubov (HFB) )| ®,,) = £V |d,) — A|®,) # A|D,,)

Partitioning: /{1 =—Hn5—=E£ 11, |—> Correlation expansion |0~ =), |®,,)

Grand potential: (2 = H — M\A = Qg + ()

4 B
20-9:0 0 2 2 2008
L a's 2 &
" 2 & 2 &
v closed -shell X open -shell
~ Y,

sl Bogoliubov many-body perturbation theory (BMBPT)
)/\) : Taylor expansion in powers of €2,

> Bogoliubov coupled-cluster theory (B(C)

W = e with cluster excitation operator 77(52,)

OGO
9@
Symmetry breaking of /1, & H, o8

|

e3s

Lifts degeneracy

v open -shell
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2. Bogoliubov many-body perturbation theory




Bogoliubov many-body perturbation theory

—150

—200

o

EM 1.8/2.0

G =12

o

85

o-g-_g__g_

- Exp.
" HFB

¢ BMBPT(2)*
© BMBPT(3)* |

ACa

2 8-

o BMBPT(2 & 3) binding energy with EM(1.8/2.0) chiral EFT interaction

BMBPT(2) gives satisfactory description
BMBPT(3) flawed by large shift of average particle number

—s U(1) breaking expansions require constraint on ( A)
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BMBPT - particle number constraint

Order-by-order particle number constraint
Order-dependent chemical potential

QOF) = - \D)A (@ BMBPT(P)]
A\(P) obtained as a root of an order P-1 polynomial equation

PD. T. Duguet, A. Tichai, EPJA 61 (2025).

Constrained BMBPT(3) in good agreement with VS-IMSRG(2) & exp.

— Eeyp [MeV]
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BMBPT - particle number constraint

Order-by-order particle number constraint

Order-dependent chemical potential

0P = 7 — \®) 4

o \P) obtained as a root of an order P-1 polynomial equation

PD. T. Duguet, A. Tichai, EPJA 61 (2025).

(@ BMBPT(P)]

Constrained BMBPT(3) in good agreement with VS-IMSRG(2) & exp.

40

| I B R B L |
— Exp.

W HFB

BMBPT(2)

e BMBPT(3)
VS-IMSRG(2)

<>

€max = 12
1(112)( =24 1

o, affected by strong sensitivity to isotope-dependent particle-number constraint

—> Non-perturbative expansion: Bogoliubov coupled-cluster theory
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3. Recent results from Bogoliubov coupled-cluster (BCC) theory




Bogoliubov coupled-cluster (BCC) theory Bogoliubov coupled-cluster theory (BCC)

W = e with cluster excitation operator 77(52,)

, A T . Si i, et al. .
EXponentIa| ansal‘Z: ’\Ijo > — e ‘q)> A. Signoracci, et al. PRC 91 (2015)

Quasi-particle cluster operator: 7 =T, +To + T3+ - - -

=g Ztklkz Bt 8L [singles]
BCCSD ok
Z by hakska B By Brs B [doubles]
k1k2k3k4
1
Ty = 6! Z tk1k2k3k4k5k6ﬂlzl5112511351145/155/16 [tl’lplES]
ki1koksksksks

Quasi-particle excitation operators : mix of ordinary single-particle creation and annihilation operators 3] = Z Gy

Excitation amplitudes : solutions of set of non-linear algebraic equations which must be solved iteratively
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Applying BCCSD: energies

Ground-state energy along Sn chain: 1°Sn - %%Sp

A. Tichai, PD, T. Duguet, PLB 851 (2024).

o BCCSD agrees with experiment within error band
— dominated by lacRing triples excitations 73

e BMBPT(2) performs well (soft interaction)

e flattrendin Sy,
— drip line location is fine tuned
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Applying BCCSD to tin: charge radii

BCCSD radii in good agreement with VS-IMSRG(2)
— no core and scalable to large open shells

5<T,2>112,A [fm2]

1 1 ! 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I ! 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1
[ | — C. Gorges et al. PRL 112 (2019)' )
B | F.P. Gustafsson et al. [arXiv: 2504 17060] 8“_
8 BCCSD : “x
| | A VSIMSRG(2) § L |
a a ®
i i 8
: AS :
- N a . 7
a a *
: : ®
T a » :
: — 6%
L g ¥ i
:tI“
L A ' EM 1.8/2.0 -
= E x‘* -
L Cmax = 12
i 2 r(rzl))zix =24
- *g -
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A

PD, T. Duguet, A. Tichai (unpublished)
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Applying BCCSD to tin: neutron skin thickness

e BCCSD radii in good agreement with VS-IMSRG(2)
— no core and scalable to large open shells

 Neutron skin thickness proportional to isospin asymmetry
— studied for closed-shell nuclei using (C

S.J. Novario et al., PRL 130 (2023)

— confirmed in open-shell tin isotopes using BCC

PD, PhD thesis (2024)
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i m HFB |

mBCCSD|
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(3 i
ES =24 i EM 1.8/2.0
: ] L 1 L1 1 1 1 1 1 | 1 L 1 1 gl 1 1 ] L
0.0 0.1 0.2 0.3

I=(N-2)/A

fwo [CHERE fnfs




N
Applying BCCSD to tin: neutron skin thickness G B M m w mm um
:{—S.J. I\'ovftu o et al. PRL (2023)
0.5 ; [ Hashi:n. oto et al. PRC (2015) I | ..:'
o BCCSD radii in good agreement with VS-IMSRG(2) W
04 F |=®mBCCSD]
— N0 core and scalable to large open shells | |
g2 03
g‘% 0.2 F
. : : : . <
o Neutron skin thickness proportional to isospin asymmetry oL
— studied for closed-shell nuclei using (C aal |
S.J. Novario et al., PRL 130 (2023) N f Efl=24 | EM18/20 |
— confirmed in open-shell tin isotopes using BCC wll ol misee B A

PD, PhD thesis (2024)

o Bump at N=56 due to residual neutron number shift ? <

B, =24 -

Now: 0={ A(N) ,ro;i = (P|N — No|W
[<>pJ i i >] Bothyield 0intheexact limit ~ —0sf =" o Ei=24
A(N)p = (V[N — No|¥) 100 10 120 130 140 150 160

A
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Applying BCCSD to tin: neutron skin thickness

o  BCCSD radii in good agreement with VS-IMSRG(2)

— Exp.
— N0 core and scalable to large open shells R
o ¢ BMBPT(2)
= # BCCSD
o Neutron skin thickness proportional to isospin asymmetry A ) | S I BRRBy i s —
— studied for closed-shell nuclei using (C 3
—10/ & [ | ] 1 ] ] L
S.J. Novario et al., PRL 130 (2023) 100 110 120 130 140 150 160 170
A
— confirmed in open-shell tin isotopes using BCC 1o} M L83, s: ig proj -
PD, PhD thesis (2024) !
- 0.5
. , Z
o Bump at N=56 due to residual neutron number shift ? T
A(N)proj = (PN — No|¥)
Bothyield 0intheexact limit ~ —0sf =" o Ei=24
Goal: 0=[ A<N>A = <\If|N — N0|\If>] 100 110 120 130 140 150 160
A
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Particle-number constraint in BCCSD

-
A(N)x = (U|N — No|0) = Q +Q . N .
g

(@IN — N )| | @I41(N — No)[ )|+ (@1 42(N — No)| )

]
\_ A<N>p1f0j )

o Adjust the chemical potential at each iteration of the cluster amplitude equation: () = [ — \(9) A4

J

o Updateislinearin Q: 70D = 1(7T® Q) = 1(T @, H) + A& £(T @, N)

— constraining A(N)w0; IS trivial: one additional update of singles at each BCC iteration

— constraining A(N) x is slightly more involved: several additional updates of singles at each B(C iteration
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Particle-number constraint in BCCSD

o (onstraining A(N) has very little effect on the energy and radius

— dependence on the interaction?

100 108 116 124 132

fwo [CHERE fnfs




Particle-number constraint in BCCSD

o (onstraining A(N) has very little effect on the energy and radius

0 p—+—+———t——t————t——t—

— dependence on the interaction? a |
—£3— EM(1.8/2.0)
0.0 | ﬁgﬁ?gw

»  BCCSD results for EM(1.8/2.0), ANNLO,, and EM(7.5) 2|

o KinkatN =82 shell closure well reproduced by the EM(7.5) interaction =

100 108 116 124 132



Towards a more complete account of correlations
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Towards a more complete account of correlations
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First application of BCCSD[T]: calcium energies o5 | o EVERTO) 2
U. Vernik, PD, T. Duguet, A. Tichai (unpublished) i e BMBPT(3) I i
—7.0 -Q 8u BCCSD : —
o BCCSD[T] prediction in good agreement with V/S-IMSRG(2) < *= BCCSDIT] 4 ]
= [ A VSIMSRG(2) x _'
« Sub-percent accuracy on binding energies for (3 and Ni = - _:_ — 5P " z :
LS —8.0 - \ % * 2 7
o Further improvement expected from A-BCCSD(T) R ' Ac ]
w5l ®ss M 2 h
8.5 I - _i_ : ; ; e .
o | o
—s Application of BCCSD| T] for Snisotopes are underway s o o

';' 30 :' ? * Fmax = 24
Zab e ;
<0k . - E

OCD\]IO_EMLS/2O ?w-:.,_,.,,.
O p=———————— e ———— H——u—-x-n—-:—-.r—rr_
I I I I I I LS
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4. Pairing properties studied at HFB and BCC level




Pairing potential energy surface

A
5pair
PES
Scaling the HFB pairing field: .
h — A 5pair X A <A>HFB
_5pair x A* —(h — )\)>l<

—> 5pair ~ V&I‘(A)HFB




Pairing potential energy surface
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BMBPT(2)

17.6 18.0
Anrn
— In BCC

18.4 17.6

- € acts as Thouless transformation absorbing the reference state dependence fwo ] fnis m
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T. Duguet, introductory lecture, last week

Ab initio sHFB calculations in Ca isotopes

4
' i /Only 45% of experimental A®in f_, shell
1| =Consistent with semi empirical HFB with Skyrme mean-field...
1| ...buteven slightly lower (exponential sensitivity to “m*”)
|| Even smaller % in Sn isotopes
1 Despite a's*=-18.5 fm and large BCS gap in INM
{| =Too low density of states from the ab initio HF field?
1| = Anti-pairing from spin-orbit in finite nuclei Bertsch, Baroni, PRC (2009)

|| Similar results for other %-EFT (based) interactions

bt v o o T 6k for proper sensitivity analysis
ACa | Uscillation inverted... wrong curvature of the energy: y
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Static pairing: odd-even scattering at mean-field level in Sn isotopes

18 F _T ' ' ' e r \
16 - ] EM(1.8/2.0) : ~ 27 %
14 7]
;i - ] ANNLOGO:~ 8 %
é 8 | . e 0
5 of 5 M(7.5):~19%
4 F - \ y
2 b .
O _
Wk . E1;/1(1.8/2.OI) _
T E —— ANNLOgo .
35 F —e— EM(7.5) . Motivates the extension BCC to odd isotopes
- —s requires equation-of-motion (EOM) techniques




12.5

Dynamic pairing in Sn isotopes

)
Pairing moment of inertia (Mol):

4
E(N —2)—2FE(N)+ E(N +2)

5.0

Agn [MGV}

2.5

0.0

—2.8

20

—_
(@)

)

|
—_
]

Pairing Mol [MeV 1]

I
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Dynamic pairing in Snisotopes

2.0
1.5
Pairing moment of inertia (Mol): c i
I(N) = . E
~ BE(N—2)—2E(N) + E(N + 2) 37
0.0
« HFB predicts negative A and pairing Mol — L
— Eis concave rather than convex s
O 10 F
=
« (orrelations captured by BCCSD turn A positive CH Y
A. Scalesi et al. EPJA 60 (2024) = 0 k |
o0 —
S -20F A ) .
O-‘ ISH 1 1 1 1 1 1
120 122 124 126 128 130 132
A
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Dynamic pairing in Snisotopes

—%— EM(1.8/2.0) 1  -

—#— ANNLOgo BCCSD
—#— EM(7.5)

Pairing moment of inertia (Mol):

1 S 05 B
IN) = BN —2) 2B T E(N 1 2) <

0.0

« HFB predicts negative A and pairing Mol
— Fis concave rather than convex

B
(@)

w
(a=}

« (orrelations captured by BCCSD turn A positive

A. Scalesi et al. EPJA 60 (2024)

—_
(e}

Pairing Mol [MeV 1]

e}

—> True for several interactions: EM(1.8/2.0), ANNLO,,, EM(7.5) : : ' : : : :

120 122 124 126 128 130 132
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T Y T
—{— HFB

Dynamic pairing in (a isotopes 20 e i
15k % BCCSD
' —a- BCCSD[T]

1.0 — Exp_ -

o BCCSD[T]:inclusion of triples further improve A and pairing
Mol

Agn [MGV]

Pairing Mol [MeV 1]

|
—_
S
1
1

I
Do
S
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Dynamic pairing in (a isotopes

o BCCSD[T]:inclusion of triples further improve A and pairing Mol

Comparing several complementary many-body methods

o VS-IMSRG(2) with Si28 core reproduces A the best

.. but VS-IMSRG(3) worsens description again ...

=
D]
=
<
(]
<]
T
30
=
= 20
[u—
o
= 10
a0
g0
R=
<
A —10
20

A. Scalesi et al. EPJA 60 (2024)

| o urp '
| —— sBMBPT(2)
[+ dBMBPT(2)
—$- sBCCSD

—afl=— sBCCSDIT] -
—/\— IMSRG(2)[Cad0]
/- IMSRG(2)[Si28] |
m— Exp.

EM(1.8/2.0)

40 42 44 46 48 o0
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More things to learn: boosting the pairing
Courtesy of: A. Scalesi, A. ERstrom

| ! | ! | ! | ! | ' | ! |
ACa, emar=12, €3maz=18, hw=12, ANNLO,(394)

| . . — —150 F -
e Inspired by Andreas ERstrom's presentation last weeR > N ]
z B i
—200 F ]
— repeat by simpledp.;: Scaling of HFB pairing field S - ]
( h— A\ ) Opair X A*) % 10 __ —— —0.250 —@— 0.025 ]
—Opair X A" —(h — A) = —e— —0.050 —@— 0.050

-@— —0.025

0 <7“2h> [fm2]




More things to learn: boosting the pairin N
8 § the pairing Ay EM(1.8/2.0)
= 2 7
e Inspired by Andreas Erstrom’s presentation last week é \u _ —
= 0
— repeat by simpled,.; Scaling of HFB pairing field h L i
< h— M\ 5pair x A )
O X AT (=AY e
5 F Opair=1.0 === Exp. -
Spair=1.5
o Boosting HFB pairing field by 50% brings A to exp: ~2 MeV = ‘irm I
..BUT A, barely affected, even slight negative shift (1) EN i
Sl S\ — £
1 - o -
O 1 1 1 1 1
40 42 44 46 48
A
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. . . o 0 4k ‘|‘ ":'II”; | |
More things to learn: boosting the pairing Acy |\ (LS00 :
N S Q|
— 9} A YTy o, i
% ‘r ’ ............... 2_ ............... ‘1",’ E
o Inspired by Andreas Ekstrom's presentation last week =3 . AW — \
<c]5 \“\‘ ) /,’/
— repeat by simpled,.; Scaling of HFB pairing field LL S — PR : E \_
h— \ 5pair < A \b_ ——————— O~ __ 'I
_(Spair X A* —(h _ )\)* » ? : : : : : ~~(? : ?
5 Ewre W 0pi=1.0 -
\ --@-- FEyp O Opair=L1.5
« Boosting HFB pairing field by 50% brings A{» toexp:~2MeV 41 & O T A -
..BUT A, barely affected, even slight negative shift (1) E L )
e BreaRing down the HFB energy into HF and pairing energies B — a0 A
Eyrs = Eur + Epair Lr . B N N C— y
0 1 L 1 L 1 1 1 1 1
— compensation of normal and anomalous contribution to the curvature *” 12 jﬁ 10 1
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More things to learn: boosting the pairing
Courtesy of: A. Scalesi, A. ERstrom

| ' ™ ' T - T - T T I . T

[ —=— EXD. m— —().250 - (0.000 T

o Inspired by Andreas Ekstrom's presentation last week 0T —. HF eneray e —().050  —().025 |

8 | ==<-- Pairing energy mm— —(.025 mm ().050

— repeat by simpledp.;: Scaling of HFB pairing field

h— A\ 5pair x A
S X AT —(h — \)*

6 | —e— Total energy

o Boosting HFB pairing field by 50% brings A to exp: ~2 MeV
..BUT A, barely affected, even slight negative shift (1)

e BreaRing down the HFB energy into HF and pairing energies [ § hw=12, ANNLOg(450) v ]
38 40 42 44 46 48 50
Eure = Enr + Epair A

— compensation of normal and anomalous contribution to the curvature

o Very new results from A. Scalesi: similar observation with Ci g, scaling
— at extreme scaling (blue), positive pairing curvature dominates negative HF curvature fwo ] fn's




Teaser for upcoming BCC applications

= HIITB
—- BMBPT(2)
~ -%- BCCSD
— Exp.

N o
o (e}
T

\}
=)
1

Pairing Mol [MeV]

192 196 200 204 208 212 216
A




Conclusion

Bogoliubov coupled-cluster theory pushes ab initio frontiers to
« Deavy nuclei thanks toits polynomial scaling
. open-shell systems via the breaking of U(1) symmetry
. high precision by incorporating (leading-order) triples excitations

— |deal many-body method to investigate pairing properties along semi-magic chains

“Where has the pairing gone?” —  Obscured by realistic mean-field (# EDF), dynamical correlation are vital in ab initio

Next steps

Further developments of BCC foreseen
« 0ddisotopes & excited states via its equation of motion extension
« Dprojection on particle number
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