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0 Few words on nuclear structure theory

© Microscopic description of nuclear clustering
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What is nuclear structure theory about ?

@® How nucleons self-organize and become disorganized ?

Nuclei are complex systems

Ground-state @® Many characteristic scales :

masses, radii, e.m. moments, ... > p & n momenta =~ 100 MeV
--> separation energies ~ 10 MeV
Reactions Excitation spectra - vibration modes ~ 1MeV

--> rotation modes ~ 0.01-5 MeV
cross sections, ...

energies, transition probabilities, ...

@ Strongly correlated:
--> angular correlations = deformation
--> pairing correlations = superfluidity
--> quartetting correlations = clustering

= Rich diversity of nuclear phenomena, among which the clustering phenomenon

Decay modes Exotic structures

lifetime, yields, ... clusters, buble, halo, ...
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Best strategy ?

@® What is the best strategy to achieve a robust, predictive, yet computationally affordable description of nuclear structure properties ?

--> Richness of nuclear phenomena propelled the formulation of a plethora of models, in general born from systematics of regularities in the behavior of nuclei

Ab initio @® Popular misconception : The more microscopic the more predictive

approaches _ _ ] ] ]
--> Confusion between the resolution of the language — microscopic/coarse grain — on the one hand

Phenomenological and

energy density the nature of the description — effective theory/phenomenological model — on the other hand
functional method :

Interacting
boson Cluster

mOdeI model

Algebraic

model Precious empirical knowledge about various phenomena and associated relevant dofs

Collective
model
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Best strategy ?

@® What is the best strategy to achieve a robust, predictive, yet computationally affordable description of nuclear structure properties ?

--> The more microscopic, the better ?

Ab initio
approaches

Phenomenological
energy density
functional method

Interacting

boson Cluster
model model

Algebraic
model

Collective
model
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--> Web of interconnected E(F)Ts :
each blob provides a predictive description of specific features
Go to more specific theories, built

as derivatives (and derivatives of QCD
derivatives) of a general theory

Ab initio
approaches First-principles

energy density
functional method

Cluster EFT

Interacting
boson EFT

More powerfulﬁ effective theories in the Collective
sense of being iable to do calculations !
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Best strategy ?

@ In what aspect(s) empirical models and EFTs differ ?

Ab initio
approaches

Phenomenological
energy density
functional method

Interacting
boson Cluster
model model

Algebraic
model

Collective
model

--> As we get more microscopic, things become harder to compute

--> Want the simplest framework that captures the essential physics
= identification of relevant dofs + dynamics constrained by symmetry arguments
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Ab initio
approaches

First-principles
energy density
functional method

Cluster EFT

Interacting
boson EFT

Collective
EFT

--> As we move up, it becomes harder to compute

--> Want the simplest framework that captures the essential physics
= identification of relevant scales & dofs + dynamics constrained by symmetry
arguments

--> At the same time, we don’t want to give up anything, in the sense that even if
we’re giving up smthg at our LO description, we want to retain the ability to correct
that LO description order by order in some expansions, so that it can be corrected
to arbitrary precision



EFT (simplified) recipe

@® To describe a physical system :
In QFT language :

--> Determine the relevant dofs/scales [‘wrythip shol be made as sinple as possitle, but a0 simplor! Lirstei) What fields ?

might be obvious or very tricky

--> |dentify the symmetry pattern (global, gauged, accidental, spontaneously broken, anomalous,
approximate, ...) you want to be consistent with (7atadtarisn priveiple : everything that is not forbilden is compabeory” Goll-Mann
— (ol Theorem : T one writes duwn the most generad possitle Lagranpin, incbuding ol torms consistent with assumed symmelry privoples, and then
oateabates matriv eloments with Uhis Lapranpivn To any given order of pertarbation theory, the resatt will simply be the most peneral possible S-matris
oonsistent with pertarbative anitarity, analytioity, olaster decomposition, and the assamed sSymmelry propertios * Weinberg)

What interactions/dynamics ?

EFT can have more symmetries that the original theory

--> Specify what is (are) your expansion parameter(s) as well as your LO description

Ensures that only a finite number of terms contribute at any given order in an expansion - and What power counting ?
that we can decide upfront which terms to keep in the action based on the desired level of accuracy

--> Constrain LECs
Matching
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Best strategy ?

@® What is the best strategy to achieve a robust, predictive, yet computationally affordable description of nuclear structure properties ?

--> The more microscopic, the better ? A

synthesizing

Ab initio
approaches
Phenomenological

energy density
functional method

Interacting
boson
model

Cluster
model

Algebraic
model

Collective
model
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each blob provides a predictive description of specific features
Go to more specific theories, built

as derivatives (and derivatives of QCD
derivatives) of a general theory

Ab initio
approaCheS First-principles

energy density
functional method

Cluster EFT

Interacting
boson EFT
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0 Few words on nuclear structure theory

© Microscopic description of nuclear clustering
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Clustering

@ Clustering : an ubiquitous phenomenon
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Nuclear clustering

@® Nuclear clustering = nucleons clumping together into sub-groups within the nucleus

A

Energy %
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A

Intrinsic densities computed within cEDF realized at the SR level (DD-MEZ2 parametrization)
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Microscopic treatment of nuclear systems

1) Nucleus: A interacting, structure-less nucleons f Ab initio \
2) Structure & dynamic encoded in a Hamiltonien @ Chiral Hamiltonian rooted in QCD
3) Solve A-nucleon Schrodinger/Dirac equation to desired accuracy @ Bunch of many-body methods

--> Cl (full space diag.) : exponential scaling
--> Hybrids (valence space diag.) : mixed scaling
--> Expansion methods (partition, expand and truncate) : polynomial scaling

H(s*%2, . )Y, o) =Eus Vo) \ y
\ Strongly correlated wavefunction / o \

@ Effective (empirical) pseudo-Hamiltonian

r : Original, matter free-space interactions Effective in-medium interactions
=
5 i .ﬁ’ ‘:»;"
g- 82 0 —Hﬂn % , A
N i Phenomenological ansatz (Gogny, Skyrme, ...)
(5]
fa) et 184
g i ©
o N 11 : o >
g 50— : |1:|:, H,0 > H
= P e M Stablo _ Complicated wavefunction Simplified wavefunction

I [J Atomic mass evaluation 2020
8 s : W Ab initio 2020

2 iseeeoo- v W Energy density functional (Gogny DIM) @ Various levels of realization
§— : il 30 st;{‘u‘?::Z"l;'Jm Girod, EPJA 33,237 (2007) > Hartree'FOCk'BogO/iUbOV (HFB)
2 S Neutron number N (up to 28) H Horgant (vt commonicationsy -> Projected Generator Coordinate Method (PGCM)

2 8 = --> . . . .

Courtesy of B. Bally \ Quasiparticule Random Phase Approximation (QRPA) /
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@® HFB treatment
--> A-nucleon problem — A 1-nucleon problems

Correlated A-
nucleon
wavefunction

--> SSB: Efficient way for capturing so-called static correlations
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The Energy Density Functional Method

@® HFB treatment

—— ——
_____ OO ==
QO

(190l, @)
> A-nucleon problem — A 1-nucleon problems c8° .3
OO ,Ll, o y / —=0-Ow=
Correlated A- Symmetry-conserving A Symmetry-breaking A
nucleon . independent nucleons independent nucleons
wavefunction wavefunction wavefunction

--> SSB: Efficient way for capturing so-called static correlations

EMF

Symmetry-restriced HF : good description of GS of doubly closed-shell nuclei
& neighbors (~30 nuclei)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
N

Commissariat a I’énergie atomique et aux énergies alternatives J.-P. EBRAN 31 mai 2022



The Energy Density Functional Method

@® HFB treatment

[ el ]
----- ao= )([dol, @)
> A-nucleon problem — A 1-nucleon problems 135 -
OO ‘Ll, o y / —=0-Ow=
Correlated A- Symmetry-conserving A Symmetry-breaking A
nucleon . independent nucleons independent nucleons
wavefunction wavefunction wavefunction

--> SSB: Efficient way for capturing so-called static correlations

Spatial symmetry-restricted HFB: good description of GS of doubly and
singly closed-shell nuclei & neighbors (~300 nuclei)
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@® HFB treatment
--> A-nucleon problem — A 1-nucleon problems
Correlated A-

nucleon
wavefunction

--> SSB: Efficient way for capturing so-called static correlations
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The Energy Density Functional Method

HF(B) —_— =
®© HFBtreatment |G\ T | T o (el o0) HFB constrained calculations
0000 =0 Omm ol o
--> A-nucleon problem — A 1-nucleon problems SS , e l
) 0-0 M, G =0 O=

@® Post-HFB treatment : PGCM

PGCM —_—
-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua @ 4 |@H_0'> qu f((]) '-_-73&3-;- (CI)

Initial wave function

x'.
T\7"\"‘/’
170 - =
_-175 ) y
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The Energy Density Functional Method

HF(B) S
® HFB treatment 1 G@ A\ T |- — — HFB constrained calculations
oo= )|l ®)
, Y 4

--> A-nucleon problem — A 1-nucleon problems

=m0 O
=0 O =

b
Y
G —

@® Post-HFB treatment : PGCM PGCM —
-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua @ 4 |@H_0'>= dq f((]) ‘:ao%; (CI)
170!
=175}
> 180 -
L
E-lss o .
) -190 :
-195 -
5 : (2)} -
| an: {q 0.8
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The Energy Density Functional Method

ﬁ. o HF(B) — ___-
@ HFB treatment ‘ _____ =\ HFB constrained calculations
0000 =0 O ol o
-->  A-nucleon problem — A 1-nucleon problems oo
, 0 OO ‘Ll, o ) 4

= |
@)4 Opo)=

@® Post-HFB treatment : PGCM
-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua
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The Energy Density Functional Method

@® HFB treatment - HF(B) —
--> A-nucleon problem — A 1-nucleon problems ‘ o

o

HFB constrained calculations
(Iq0l, @0)

E

OO ==
Q Q=
=m0 Omm
l

@® Post-HFB treatment : PGCM
-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua
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The Energy Density Functional Method

@® HFB treatment - HF(B) —
--> A-nucleon problem — A 1-nucleon problems ‘ o

o

HFB constrained calculations
(Iq0l, @0)

E

OO ==
Q Q=
=m0 Omm
l

@® Post-HFB treatment : PGCM
-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua
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-190
-195
-200
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The Energy Density Functional Method

@® HFB treatment HF(B) e =
-:.::- 89= (190l, @)

--> A-nucleon problem — A 1-nucleon problems oo , =

, e Qu Qe l/l, G =0-Om

@® Post-HFB treatment : PGCM o PGCM —
-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua @ 4 |@H_0'>= dq f((]) |:§E (CI)
,O

HFB calculation

@® Post-HFB : QRPA QRPA
--> Excitations = coherent mixture of 2-gp excitations @ QZ @
--> Harmonic limit of the GCM u+0,0 0,0

— v

=0 ==
89 (1901, ®9)

—0.0m Quasi-bosonic excitation operator

=0 O =
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Nuclear clustering

@ Clustering = nucleons clumping together into sub-groups within the nucleus

A
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Intrinsic densities computed within cEDF realized at the SR level (DD-MEZ2 parametrization)

Commissariat a I’énergie atomique et aux énergies alternatives J.-P. EBRAN 31 mai 2022

Y

A



Nuclear clustering & PGCM

@® Nuclear shapes : Take the case of a doubly open-shell system with strong angular correlation

Density profile

0000 —oo=¥(q0l, 99) “—Co—
w) 58 dq 1(q) 3£ )(@)
] — 0 ==0-Oem =) O
Exact WF Approx : Approx : Approx :
Symmetry-preserving HF WF Symmetry-broken HFB WF PGCM WF
lg|
Yannouleas & Landman, 2017
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Nuclear clustering & PGCM
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EDF & Nuclear clustering

@® How to account for correlations underpinning a-clustering ? RHB RMF+QCM
-] <
i) Explicitly treat 4-nucleon correlations : RMF + QCM g1 £ T -
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EDF & Nuclear clustering

@® How to account for correlations underpinning a-clustering ?

i) Explicitly treat 4-nucleon correlations : RMF + QCM
ii)  Look for a collective field whose fluctuations cause nucleon to aggregate into a dofs
70

(Mott) transition from delocalized to totally localized
nucleons takes the form of a transition from SO(3) (or

_. 95
>

continuous subgroup) to a discrete point-group % -100
o
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-115
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125
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Deformation & Nuclear clustering

@ Role of deformation

N-dimensional anisotropic HO with commensurate frequencies enjoys dynamical 8 P R e SR SR S
symmetries involving multiple independent copies of SU(N) irreps — W .y
y g Y Y Y Y < w

<

Susceptibility of nucleons in deformed nuclei to arrange into multiple spherical
fragments
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Nazarewics & Dobacsewski, PRL 1992 Deformation = necessary condition, but not a sufficient one
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Strength of correlations

@ Strength of correlations measured by dimensionless ratios

Nucleon mass Number of

I

nucleons
\/K = m — \/z (%) ’ ( ]\lfu) (};:)é ~ Koc

Depth of the Mean density =

confining potential - .

Ebran, Khan, Niksic & Vretenar Nature 2012
Ebran, Khan, Niksic & Vretenar PRC 2013
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Strength of correlations

@ Strength of correlations measured by dimensionless ratios

Nucleon mass Number of

I

nucleons
VA = V) =V2 (%)6 ( ]\lfu) (};:)é ~ Kloc

Depth of the Mean density =

confining potential - .

Clustering favored -» For deep confining potential
-> For light nuclei
-> |n regions at low-density

Ebran, Khan, Niksic & Vretenar Nature 2012
Ebran, Khan, Niksic & Vretenar PRC 2013
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Effect of the depth of the confining potential

@® Deeper potential yielding the same nuclear radii = more localized single-nucleon orbitals
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@® When Coulomb effects are not too important and owing to Kramers degeneracy, proton T, proton |, neutron T, neutron | share the same

spatial properties

Commissariat a I’énergie atomique et aux énergies alternatives J.-P. EBRAN




Strength of correlations

@ Strength of correlations measured by dimensionless ratios

Nucleon mass Number of

I

nucleons
\/K = m — \/z (i) g ( ]\lfu) (/é::)é ~ Koc

(T) 47t ,
Mean density oe
Depth of the o
confining potential - .
L]
Clustering favored -» For deep confining potential
-> For light nuclei
-> |n regions at low-density @e of the nucleus X
. . . R
@® Formation/dissolution of clusters : Mott parameter dXX ~ T = Mo ~ F;s\—?:
Mott
Cmter—nucleon average
distance
X . .
Mo ~  0.25psat Size of an « in free-space
Ebran, Girod, Khan, Lasseri, Schuck, PRC 2020 H H _
Ebran, Khan, Niksic, Vretenar, PRC 2014 ~ ps—at 0.9 size Of anain free space

3
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Effect of the density

@ Isotropically inflate 20 by constraining its r.m.s. radius while imposing a global quadrupole moment to be zero

1 USSR —
0.2
0.18
0.16
0.14 |
?0.12

5
= 0.1

Q.
0.08
0.06 E
0.04
0.02 ¢

) E

—
Q
N’
]

r(fm)
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Effect of the density

@ Isotropically inflate 20 by constraining its r.m.s. radius while imposing a global quadrupole moment to be zero

50 \ o 0
40 || —®—SSR-RVF -,

~&- SSR-RHB 160

30 || —m~sSU-RHB

~&- SSU-RHB + ZPE

no
o
T

—k
o
T

pair

g8 -4
-100 °

-110
-120 ¢
130
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Effect of the density

@ Isotropically inflate 20 by constraining its r.m.s. radius while imposing a global quadrupole moment to be zero

50 — © 0
40 L|~®—SSR-RMF 16 . s°
~&- SSR-RHB O R =
30 [|—m-SSU-RHB oo
20 -8~ SSU-RHB + ZPE f<)
: +-1
10
R=2.6fm R=3.41m R =6.0fm
0 T T T
-10 e | M— m i %
20 1o -5 - T - W W
< -30 %’J s i —= s ?’Z
() [y '15 } e P2 —— ;D”‘Q ‘ D s1/2
2 40 <% .. —
w 50 g gg: Pa/2 —— — _
-3 w v 25 F ol 3 -
-60
20 -30 -
-35 ©
-80 ol e
_90 -4 -45 512 =—
-100
-110
-120
-130 -5
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Effect of the density

@ Isotropically inflate 20 by constraining its r.m.s. radius while imposing a global quadrupole moment to be zero

50 s o 0
40 ||—#—SSR-RMF .
~&- SSR-RHB 160 ‘
30 | —m-SSU-RHB

~&- SSU-RHB + ZPE

no
o
T

—k
o
T

g8 -4
-100 °

-110
-120 7
-130
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Effect of the density

@ Isotropically inflate 20 by constraining its r.m.s. radius while imposing a global quadrupole moment to be zero

~ — 3
50 - e 0 PMott/ Lo = (Req/Rc) ~ po/3
40 ||-#~SSR-RMF r \ o
~& SSR-RHB @) ‘
30 | —=-SSU-RHB
20 + 8- SSU-RHB + ZPE 1
10 - 5 5 SSR-RMF SSR-RHB SSU-RHB
0 i 0 ? pl/2 o 0 p3/2 005 004 g7 —_—
10 F e
-20 _ — _2 ; -10 ’ 55{2 n:odS/Z dzz :Z:jjﬁ :sz
% 30 + % %; -15 — s1f2 e _: ___________
= -40 = = 20} ‘
W .50 - 8 Fo5f
L
-60 - 13 -30 |
-70 -35 |
80 40 | R=60Mm
_90 - ‘a ¥ -45 |
By ngoEd -4
-100 - “Boongag cpopooonooEnEaEid o
-110
-120
130 | | Ll | \ | \ 5
2.5 3 3.5 4 4.5 5 55 6 6.5 7 7.5 8
R (fm)
rms
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Effect of the density

@® mp-mh content of a tetrahedrally-deformed Slater determinant

1 %
5t T T T 1 7 :
- SSR-RMF R =3.4fm SSU-RHB R = 6.0 fm : 0.9 ——0p-0h ||
0F == w - ] 08 [ —2p-2h ||
5 ~; z ~--4p-ah ||
-10 - —— ] 0.7 - - 6p-6h E
o — ] : ]
5 5/2 : 2?0 6L % e 8p-8h E
— - » Sy — 12 A 3 L cccccccaa- n —_ L
R — L Bt ;
E _20 - s1/2 T I ] 1] 05 .
\UC -25 ;_ plR2 —— ik ‘ ' = Dt O 4‘ ;_ |
-30 ' ] 0.3 ’ 7
35 F . .‘ ] 02F .. :
§1/2  ——— Eo Tr— T
-40 ® 01 :_'!!' - '-::..:___ i _ s S ]
-45 ' ' ' ?' R L A oo - -]
O (RTINSO oS e | | | L 1 L | | i | |
0O 05 1 15 2 25 3 35 4 45 5 55 6 65 7
Symmetry breaking : O(3) —» Td 3
732
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LCAO-MO

@® Borrowing the LCAO-MO language, on can think of the 160 thetrahedrally-deformed SD as a MO built from 4 1s a AOs
4
- | 5
so® Vi=) 14
j=1

@ Find the unknowns f in the Hiickel approximation : N;j = OVi, j
e =H;; ; —i=H; foradjacentij ; Hi; = 0 otherwise

€ —H —H —H 12 i: 5 5 SSR-RMF R = 3.4 fm I SSU-RHB R = 6.0 fm *

—p € —p —p o | _ o | T2 0F . . .

— = € — S E; 4 A ]

—[L = —j € H i 5 F ]

1 _10 ;_ ds/2 —_ (;)?//5 _-]l

i Il [ [ . j

=35 (b1 4+ G2+ ¢3+04) E1=€e—3p ~ 15 F oo =—— p172 s @ e ]
o= ; | : ‘ o) L dse — — == ]

Py = % (—1 + ¢a) Es=¢+p Py = g (01— 2 —d3+¢4), = =20 ¢ 1
; 1 ) ) ‘Li'l . 1 ( U i o @ A ) \uc _25 :_ p1/2 j

Y3 = E (—01 + 03) E; = E, B s T FwL T HE s ?a) f _— . B ‘ ‘ 1
, 1 , ; 1, | ‘ -30 | ]

$12 ———

-40 E

. ]
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Nuclear clustering & PGCM

@ Correlated GS

PGCM

EDF Ab initio ‘1"_‘ 0.06
s sHFB
5.0 fme® Hl:. 0 04 E)(p
25 0.20
E o =
>\-2.5 016 ﬁ
RN () 0.7,09) Q. 0.02
2.5
= 0.12
e 0.00
-25 sce
50 iy (12,1.2) o 1
25 r—
E oo 004 M 1 0 Fo
> I
-25
-5.0 = ? s -0.00 E -3
i — 10
Frosini, Duguet, Ebran, Soma ‘-.L.:
Marevic, Ebran, Khan, Niksic, Vretenar, PRC 97 (2018) -S _5
210

o
N

4 6
rfm]
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Nuclear clustering & PGCM

@® Spectroscopy

20 50 -
Bijker (2016) IS-— Ne i
s 12C E B X - 4 A '_ 7 ) ;
— Es —_ A (MeV) — 6t 16() . 16 I II 7 : 7 ]
o B - 4 'S —_ G I :
20 ol —6 Exp | —s¢ A | 14+ st jats | 4
= + I 1 : + 1
T=1 —5—1 = 12F g o5 -
o 15p gt — 1t L 47 4__4i - - Z [ ot i 3 ]
; — - T= i+ 4T =+ =gi —0t r — 4l + — gt —5F g = 10+ 'l : 177 ; .;_J(-H H 5 182.4 : -
= — —3T=1- _ =0 —_ - o6 ] . ©
S 0p —y =2t =0t T —3—2+ ! | of —at 0 T =g = L= T = g o STt | . P ST
= — 0t — 0t g TR = T o T h ‘13(11_ | AT 121.0 512, |
—gt —1- T=0 —2 _ - 6 I B B e : ()4(1())I 4(26) i 6 1 _
5F —2t 1 + - — 3 —0* —3 —o0* 851 @rrag : | 1 T i
—2 - T ] R T g i 152.7 —
ir o4 Tt ! |
0b —o+ + —ot - . ‘ S L 89y 8 : 1”"‘1 ixm _
L o+ 1 — 4 2 M NP5 P2 = N 1
0,0% (1,00 (©0,11) (2,09 Non 0,09 (1,09 (©0,11) 2,09 (000) (100) (010) (001)  Non (000) (100) (010) (001) ok o sy ) DD-PCI} : | , 65(3) S TTI03 M
A A E A Cluster A A E A A A E F Cluster A A E F 0 N ) 0 R i 0 N )
K=0, K=0, K=0, K=0, K=0, K=0,
Marevic, Ebran, Khan, Niksic, Vretenar, PRC 2018
24 |12 |
I C ]
21 (-34.6) | )
-34.6) i - — PGCM —— PGCM-PT2
201 4t 7 ; o 6
18+ 2154 | (240 | s 01g Ty ]
L H ] £,
16F (5.5 y_2 P 0.01 ¢ =om [ '\\ 3 B 4+
; i 4"‘ + Ig(l.ﬁIO* + 2 0.001 £ ) 3 + + '
% 141 T 2 s P4 1 s real abs ¢ lm) ] i 4} 4]
N I I : _ s g 3 o
5(12 i L 49 : 2t = I 1e-05 ﬂ‘%‘.“ . : =
Lo | : - o6 E [ E (]
]0_ 155, . b 0 le-06 . Tl'f‘*-. EB
8+ 0 i 0 — - le-07 £ SR =
L : i z e X
6 . : . — le-08 |0, =0, w2 N 2
4 2 60 P2 T ] leOy————4— fL,’ B T R v 24 2
[ 80! 7.6(4 n q [fm7] 1
2 I : ] )
H -MR—EDF : Exp
0k 0"+ Lot - Marevi¢, Ebran, Khan, Niksi¢, and Vretenar PRC 2019 ol os of 0}
K=0," K=0," K=0," K=0" K=0," K=0,"
Ab initio Exp EDF

Frosini, Duguet, Ebran, Soma, EPJA 2022
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Nuclear clustering & QRPA

@ Cluster vibration

0.86
160 0.77
Kh=0+ 175 i
140 0.67
T () fic = ry, =490 (b) 0.58
120 20 k=""Yo0 | = : :
3 3 125 a i o
% 100| 2°Ne : T &
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E 80 é 100 0 0.39
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i 2 75 | 0.30
E\ 60 g = o8t |
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£ 5 = @ |
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—_ ~ 1500 =
T 60 o sy K= 073
E - g 1250 063
E t "To 101 052, %
£ £ 1000 o 525
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Mercier, Bjelci¢, Niksi¢, Ebran, Khan,Vretenar PRC 2021
Mercier, Ebran, Khan PRC 2022
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Thank you for your attention
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N-component Fermi systems

@® BCS/BEC crossover + phases stabilized by internal dofs

e o
v ¢ €=—> . '
L @ o 9 @ 8 ®
. . @ o> e v“i‘
v, @ & qQ
3-component Fermi gas

2-component Fermi gas

. . . . — roton
@® How does this translate in nuclei = 4-component Fermi systems ? 0 0 0 o . ﬁeutmn
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Group theory considerations 0 0 0 o —  proton
_ _ == neutron

@® Schematic Hamiltonian: [f = Hy + V, .. :
o= [ S cat eIl
()

Vies ~ Vpair = —/dBT [QTl Z P;,T(T)PV(T) + QT:D Z QL(T)Q;:(T)]

v==41.0 pr=c-1,0

(£=0,8=0,T=1)
u%r}

1 ;
Correlated pair operators Eilr) = \/;Z V2i+1 {lw;.s_l.t_ (T')—?;f;r,s_

Mp=0Mg=0,Mr=v

(L=0,5=1,T=0)
()}

Mp=0,Mg=p, Mg=0
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Group theory considerations 0 0 0 o —  proton
_ == heutron

@® One-to-one correspondence with a system of spin-3/2 fermions with the Hamiltonian

H= / dr 43 caph(r)a(r) — goSh o (r)Soo(r) — Y. gDl (r)Da(r )}

v m==+2,+1.0

Singlet (S=0) pairing operator S{J-Jrﬂ — Zaﬁ <% % 00| % %Oﬂﬁ) (,-’JL(,-’)L
. 33.9,.133 .2\, .1
Quintet (S=2) pairing operator D;m — Zﬂ 3 (j bR, 23?1' 5 50’-;3) L{/L Y3

with Soo = P zu = Qo D 9 = Pil and D2 2 = jS:l
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Group theory considerations 0 0 0 o —  proton
: === Neutron

® Sp(4) ~ SO(5) symmetry without fine tuning the coupling constants

a b <ab<! B 0 —il 234 [O 0 _ 0 1
) asassn () o0 0). o)

@® Generators of 50(5) rab —

() I

@ Bilinears of fermions can be classified according to their behavior under SO(5)

Particle-particle channel
Particle-hole channel

) = 22% b

1
na(r) = 53 Ph(r)Tasps(r) :
a3
1 ab ¢ =TI18
Lllb( ) - _EZ@W(T)PnI'ﬁ‘:i(T) ) .
Y of 0 ot _ & p gdxigd o _ ¥ +ig
0.0 _E 2.0 Iﬁ 2,41 /2 2,42 = V2

C. Wu PRL 2005
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Group theory considerations 0 0 0 o —  proton
: === Neutron

H:/ d3r {Z&"a@i(?")tﬁa(?")—QUS(JS_U(T‘)SU.U(T) - Z QB-ng.m(”')DQ.m(”")}

m=+42,+1.0

® If go = g, = g, singlet and quintet pairing states are degenerate and can be recast into a sextet pairing state = SU(4) symmetry

@ 2 different superfluid orders : i) Sp(4)-singlet BCS pairing phase : 7' (r)

ii) SU(4) molecular superfluid phase formed from bound states of 4 fermions: Af(r) = a,:% (r)t,-:g (r)api ('r)a,-:f_% (7)

@® Competition manifested by a Z, discrete symmetry (coset between the center of SU(4) and the center of Sp(4) ) Z/{n — lnam

nt uﬂq-ﬁu;i = —f,
Al U AU = AT,

Z, needs to be spontaneously broken to stabilize the BCS quasi-long range order.

Z, remaining unbroken = strong quantum fluctuations in the spin channel suppressing Cooper pairing (2 fermions can’t
form a Z, singlet ) = leading superfluid instability = quartetting
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