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-® Nuclear structure theory has strived for decades to achieve accurate computation of nuclear
spectra, but this is still difficult

-2 We address this problem by developing the relativistic nuclear field theory (RNFT) via the
model-independent Equation of Motion (EOM) framework in the universal QFT language,
quantifying fermionic correlation functions (FCFs)

-® The theory (i) is transferable across the energy scales, (ii) capable of identifying the
bottlenecks of the existing nuclear structure approaches, and (iii) opens the door to
Spectroscopic accuracy

-& In this formulation, dynamical interaction kernels of the FCF EOMSs are the source of the
richness of the nuclear wave functions in terms of their configuration complexity and the major
ingredient for an accurate description with quantified uncertainties

-®- Electromagnetic and weak probes are the most informative ones for benchmarking the
theory and constitute the majority of applications: selected highlights for nuclear excited
States

-® Open problems
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EOM: Bethe-Salpeter-(Dyson) Equation (*¥)
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term!

Bare
(Relativistic)
Hamiltonian

Irreducible kernel (exact): in-medium “interaction”
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t-dependent (dynamical) term:
Long-range correlations:
Couples to higher-rank FCFs
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ADb initio... The Standard Model
-& Ab initio = "from the beginning” (lat.), in science and T 09O @ ©
engineering “from first principles” = Lo L uon 668
. - . . . = ) ||° & i ; )
-& First-principle physics theory does not exist 0 do% e (B % | p“
Even the Standard Model (SM) is an effective (field) theory:
Q- W |- O @ |
electron muon tau Z boson ;
V - ~20 parameters_- g (s Y e W o
~ - . B |- - W@ |5
gy ey masses, coupling constants, % o D“ a || w bW
etc.
) ) “Bare”
Open questions (besides GR): Interaction
(aka forces, ADb initio...

& Why the SM interactions are as they are?

potentials): O
-2 What is the origin of the Higgs potential? Viri-ro) @--"""""" B .@
‘& In Theoretical Physics: knowing the bare

(vacuum) interaction between two particles,
quantitatively describe the many-particle

- Dark matter, neutrinos, ... ??7?

Higgs mechanism

of mass generation I33330050359353551359330355333033333333 33303354 -
& “Ab initio = UV-complete” as opposed to

“effective”

L= (3p¢)T(a “o) — V(9), ‘& Interactions adjusted to many-particle

2 N systems (e.q., finite nuclei ) are not ab initio
V() =p¢' ¢+ Ad'd)" but effective




CAEYTITleon- nucleor ( NN) Interai:tfion and th'e' many—bodyt cor

Quantum [ A
Hadrodynamics \ \\
(QHD) + TN A 7
Leading order: 7 T . L
heavy light ~2m V1234 XEFT

RNFT (this work): non-PT, in-medium,  Beyond the leading order:

. . cf. xEFT: PT in the vacuum
effective couplings

E. Epelbaum et al., Front. Phys. 8, 98 (2020)
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GDynamical } ; ' : GDynamical} Many-body... “solver” (?)
A o [ e
: j : X : e Standard “solvers” are too simplistic
s o] o [ . ¢ Bare NN and many-body theory should be linked
The in-medium power counting is associated : consistently

with emergent scales in large systems * In the medium, the power counting changes, etc.
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+ Quantum many-body problem in a nutshell: Direct EOM for G(n) generates G(*2) jn the
(symmetric) dynamical kernels and further high-rank correlation functions (CFs); an equivalent of
the BBGKY hierarchy or Schwinger-Dyson equations. Nequations ~ Nparticies & Coupled §3 !!!

-+ Non-perturbative solutions: _
+ G = G G GO + GG+ =6

Cluster decomposition
[QFT, S. Weinberg] +G@ =(G" G G G1) <G G+ (G G + =)
Leading at: weak intermediate strong coupling
self-consistent GFs phonon coupling Faddeev +
second RPA, shell-model efc. this work future work

oh) | i : -+ P. C. Martin and J. S. Schwinger,
e ] (3) |—e— ~ R + (PP) | —«—
G = ) G Phys. Rev.115, 1342 (1959).

Beyond — > > g g + N. Vinh Mau, Trieste Lectures
weak , , . , . , 1069, 931 (1970)
coupling: o . ) R®" ) ) \ GPP) - P. Danielewicz and P. Schuck,
e | s 4 +% o) Nucl. Phys. A567, 78 (1994)
) ) _ L R®Y | . ) < .
Exact mapping: particle-hole (2q) quasibound states  Quasipatrticle-vibration coupling (qPVC)
Emergence of effective in nuclei. Cf. NFT
Jposons” OVWWWACT = [V ] [ Rem ] v
(phonons, vibrations): # ~ vl IR Y

Sound modes Diquarks in hadrons

Cf. C. Popovici, P. Watson, and H.
Emergence :@ Q@ = |V GPP| v Reinhardt [PRD83, 025013 (2011)]
of superfluidity:

Y

Y

Y
Y

Cooper pairs
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Superfluid dynamical kernel: adding particle-number violating contributions

Mapping on the gPVC in the canonical basis

> ” > - o
TOVWWNWNWOL = 7] Jewte] [V 3 = v ]| |vwiv| v
2 ~ > 'Y
» > v 4 > o
:;@ = &( = v pypyty* v = v Wiy v
o ’ ’ BN V4 = * ~
® ' i ara i v
D—>= < = v WYYy v = v wypyty v
rd S » ~ - h S
" . R 2 )
= v Yrytytyt % :@:‘:’V\/\/\d = v Yrptyty v
* » . & %,

Quasiparticle dynamical self-energy (matrix): normal and pairing phonons are unified

VY P N .iu,-\_-f\a‘:: " > _-_n.r*-_JI_J ——t _ NV VL
B e b sl 4 e 4 sl N ci T . SR . "W »@iv—é«
- P AT A, A, =g
- -—-—~" - +@—r—-‘ bh + Lﬂ—@* + *@/ > o Pr\ *—C)+ + 1@ %* + +W\%« f
Compact form, Cf.: Quasipatrticle static
<::| (a[most) as simple as self-energy (matrix) in HFB
non-superfluid ~
40 N AV
Bogollubov transformation 2 = «  _§T
11/ 11/

E.L., Y. Zhang, PRC 104, 044303 (2021)

Recently formulated in the HFB basis keeping 4x4 block matrix structure
Y. Zhang et al., PRC 105, 044326 (2022)

at zero and finite temperature: S. Bhattacharjee, E.L., arXiv:2412.20751
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toward-a bmp—/gté theory:

o~
toward ab initio <= static kernel V. dynamic kernel => toward more complex configurations
A, K k& Kk ks _ H ks k 1-_ ---------------- ks ks
5 R - * % R:|i + |ew-20)|: |R
: ko "k Ky ky ky kg : : K, k| ks K]
B Subtraction
. Dyson-Bethe-Salpeter  R(®) = R(w) + Ri(w) [VitP(w)-P(0) ] R(w) o isevae 0T
'+ Equation: B : _
L B : for effective
QRPA Beyond QRPA ’['gelg’_’lfgo”’s v
NFT is reproduced 2 . 2 icﬂg\ﬁ%i 2 2 2, 2 A.Afanasjev,
as the leading ¢ .= " + + % + M et al: CEDF]
approximation 7*0—‘——% , —, S — ‘
2 L2 W O—»é 2 L2 2 2’
Extended NFT: ¢(n+1) _ (n) n) (n) )
o R + R + v % R + R g‘/
closed cycle 212’1 5 3 « <O <
o = @?

Generalized approach for the correlated
propagators

2q+2phonon

T S configurations

n-th order: E.L. PRC 91, 034332 (2015) % f“?%f % in the qPVC
* ' ' ’ expansion:
T;% —

Ab-initio formulation, T Included in all orders
oot o oo

@) implementation; 2q+2phonon correlations: (non-perturbatively)

E.L., P. Schuck, PRC 100, 064320 (2019) i I R S
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ernﬁ field:: st-rengz‘h function

Nuclear Polarizability: 1lpp(w) = P‘LR(w)P = Z gl o P21 kg Kook (W) Py,

kikoksk
External field / 1kokaka
Z
\ erri2 Monopole

+ - Dipole
P P e . g (CM corrected)
. N . Z .
I_I — R 67 Z T@YlM(I‘i) = % £ T@YlM(I‘?;)
e Z r LY (£ L>2  Multipole
Strength function: Transition probability:
1 . :
=Y Bud(E~ E,) = —— lim Sllpp(E +iA) B,, = |(n|P]0)|?
T A—

Artificial width A (continuum if discretized,
missing structure): a parameter
B 1 S(E) 1
N A

gy r Spreading width
H ‘ ‘ ?f”v U‘IT’W\ (many-body physics):
il 1 1l T -
E

the result of calculations




Giant Dipole Resonance (GDR) in Ca isotopes

250
----- REOM! 2q ‘
n -=-- REOM?2 2q+phonon (4q)
200 E1 I".l — REOM? ' 2g+2phonon (6q)
:: oo Exp: NNDC ‘ &
150t { 150%
= X A
£ b A~ 0.4 MeV pd
100 | 0 [ ~6-7 MeV l'""lé*
B /N
ol 50 -
0 0 } ;-._'::-' | |
: 5 10 15 20

Continuing the
hierarchy of the
dynamical kernels:

n = 0 (no dynamical)
n =1 (2qg®phonon)
n =2 (29®2phonon)

E [MeV]

-2 On each iteration, the complex

configurations enforce
fragmentation and spreading
toward higher and lower
energies

-2 Exp. Data: V.A. Erokhova et al.,

Bull. Rus. Acad. Phys. 67, 1636
(2003)

-» REOMS3 demonstrates an

overall systematic improvement
of the description of nuclear
excited states as compared to
REOM? in a broad energy
range

E.L., P. Schuck,
PRC 100, 064320 (2019)

Each elementary 2q mode produces a multitude of states
via fragmentation that repeats on the 4q level and so on.
Cf.: Fractal self-similarity (nesting)

1%
1
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ly Hetormed systems: 4N

25

0 — - _ RQRPA (29)
o o | — REOM2 (2g+phonon)

64, ..
N N1 A =20keV — REOM’ (2g+2phonon)
> EMEI
= NL3*
(\1\ 2 .
g
N
1 -
0 AN |
5 6 7

E [MeV]

M. Mischer, A. Zilges, E.L. et al.,
PRC109, 044318 (2024)

64Nj [B2~ 0.16]:

o, g1 RQRPA (2q) — 0,51 from NRF experiment
““““ Oy E1 REOM? (2q+1phonon) —— Oy.E1 REOM? (2q+2phonon)

100 - (a) a, from (y,n) experiment 1
80 - . Bl
= A=200keV . |
‘E 60 - ol T
=

| upper limit Oy,E1
40 [~ from NRF experiment
- Sys. uncertainty

20 -l 2
0 d | 1
7000 9000 11000 13000 15000 17000
energy [keV]
| ' T ' T 1 | . T
20 upper limitoy gy - 40F (0 A =50 keV .

from NRF experiment
Sys. uncertainty

50 keV steps

7500 8500
energy [keV]

6500 9500

9500

7500 8500
energy [keV]

6500

Spherical bases are used: correlations
“generate” non-trivial geometry



56Fe [B2~ 0.25]:

Quadrupole instabilities

in spherical QRPA
400
A =200 keV — RQRPA| | _
— RQTBA -g
300 * Exp g
600
FE, 200
©
100 |
0

Data: S.S. Borodina, et al.,
Phys. Rep. 2000, 6/610 (2000).
[scan from M. Jingo et al. |

1000

500+
150 fe=

75

— iThemba A
= (y,abs)

00

100

300

100

100

50

8 10 12

14 16 18 20 22
Excitation Energy (MeV)

50Tj [B2~ 0.17]:

No quadrupole
instabilities

[ RQRPA / REOM' (2q)

250
— REOM’ (2g+2phonon)

— REOM’ (2g+phonon)

Exp / EXFOR

200

50

50,+..
Ti

EIEM
NL3*

A =200 keV

Data: NNCD/EXFOR

M. Jingo et al., Eur. Phys. J. A (2018) 54: 234

-2 Fully self-consistent (only the universal CDFT NL3* parameters (8) are used, plus pairing strength)
-»- But: Some uncertainty on the pairing interaction (currently addressed)

- Tractable in spherical basis (except for large 3> when “unstable” 2+, state is problematic)

-2 Will be compared to the axially deformed calculations

-2 More cases are in progress
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GDR and PDR in the tln cham. 1 12-12OSn

Physics Letters B 860 (2025) 139216

- [+ Oslo data _ (| & Dataanalysis indicate the two-component P 120g
1o M Bessauerenl. 20001 . ' structure of the low-energy dipole 107
E | M1, Bassauer et al., 2020 \ - Bassauer et al., 2020
~ [ . - - IVGDR (GLO) strength 2 B
> 3 [::‘, E1 Peak 1 (Gauss) . = 107 &
S 07k "\ B1 Peak 2(Gauss) -2 RQRPA does not describe the data well = = E
= = — - MI (L i . . - § .
- - M) but remains a good reference point. 2 L  RORPA(A.2)
&) i ---- Upbend o iy = — RQTBA (A., 2 )
- Iﬂ}}HmT ‘& 2q+phonon/RQTBA/REOM? js sensitive to : i 4
EIYH H g the details of the superfluid pairing, 10 B e ROTRAGY @
—""-m..i..'.,-, \ : i H ' H Dol b e Ve e b b e b e Ty e B
W 1 R particularly the pairing gap, especially at 4 e TE Tm o A 1 1 m o
B T N I LIRS | I 2R VI T WL S LT A | lowenergles- I'IllIll‘lllIll'llllll-ll"‘l‘lllllll

10°°

-® Pairing is the anomalous part of the mean
field and also poorly constrained.

.~ =——RQTB
Iy RQTBA (A,)

LI illIII|

,,; &.- " IVGDR (GLO) ";
2 0L YN \ — - IVGDR (Gausy) -& Nevertheless, we could document the 3 107 E
= f R | | 8 ok (G formation of the two-peak structure and 5 |
° f t’ e reasonable total strength below Sy with C < -
0t e I ‘\ theoretical uncertainties. 0 g -y
OP‘ S '101"12"1!1'1'6'”13 M. Markova, P von Neurmann-Cosel, gi'ffi‘iuuéuué-mém froslenii,
E, (MeV) E. L., PLB 860, 139216 (2025) ” ‘ E, (MeV)
6 = | ' I ! ] ! [ 4 I ! |
" & Total low-lying E1 (4 - 10 MeV) (a) 8E § Oslo data, even-even (4-S_ MeV)
- @ IVGDR (4 -10 MeV) =
5E ¥ Peak 1 (Causs) 7 - O RQRPA (A.) (4-S_MeV)
4 & Peak2(Gauss) + L 6F RQTBA (min/max) (4-S_MeV)
s F ol e + s, g Sumrule & "
= n O g SR s . — = T
% 3F 3 . fractions A § -
b= - - - ™14 - H - “‘-.“ ,.-’ \E
2:_ e et i, o 4 I * n PDR 35_ '"":__‘_:E"
- E} %'”““*—-%_-q‘;_.{i g- r{’ [3 Ty = E#‘,,EI'“ - %-'—-5“‘"“@-‘
1 — e
- B 2 " o)
0: L os G oow f ¢ § oy 4"-'.*_#?_"?“#—_-. [ 1= e e e e L
110 112 114 116 118 120 122 124 126 110 112 114 116 118 120 122 124 126

A A



L AMBW-energy dipofe s Féngt_ﬁ

(LEDS): s{‘hg_atur%i-broperties
/= .

B weTaa L |

e —— L :
o | E 8.06 8.65 9.20
S 6f A
= |
S -1F 120
“E 4f _ 23 Sn
g | o 2
= 2f = t El
© Tt -3F

0 4F

7.5

log(IX"I" - 1Y",

6.68 726 852 . 979

r'p [fm’]

Gamma transitions between excited states: Dominate the upper component of LEDS

Fon = m|F|n) = fi;(X57X0 + VIZVi) X7 = (Olaga;lny Vi = (Ola!a; |n)

4 elN 2 el o
Frar = @ ;%—,LYLM(f‘i)g L>2 Fiyv = I — TiYIM(f'?Z) — I zriYIM(f'i)
= 1=  —

M. Markova, P von Neumann-Cosel,

Couples exclusively to protons E. L., PLB 860, 139216 (2025)



F/n/te-temperature response Wfthiﬁe b+phonon dynam/cal kern

Rig 1o (t—1t) =

Method: EOM
for Matsubara
Green’s functions

E.L., H. Wibowo,
PRL 121, 082501 (2018)
H. Wibowo, E.L.,
PRC 100, 024307 (2019)

(Dgth)?, (w,T) =

nas(T)

<. >=<0[...]0> = <..>p= Zemp(

averages —

—i(T (19h2) (1) (21 ) () =

—i (T (P1902) (£) (2 p1 ) ()

T

thermal averages

Risos(w,T) = R14 a3 (w,T') +

+ > Ry o (@, T) [Virgr 25 (T) + 6@1r4r 213 (w0, T) R ar3 (w, T)

1727374/

0P1/gr 213/ (w, T)

= Pyryr o3 (w, T)

— D11yr 93/(0,T)

Leading-order 1p1h+phonon dynamical kernel: T=0:

(N (1,2,) +ne(T)) (n(EG mLQmT) n (7)) N 2 4 a
*
w—¢e1+e6 = Nuldy o [513 Z Vb62V64
1 § : b 3
+524Z’Y,.L15’Y,.L35>< s W&l + 6 — (2
o
4 (N(nuﬂu) + N2 (T)) (n(52 — Nufly, T) (T)) B 2 4 1oy Z V15735
W — &5+ €2 = Mufly 1 5 : w—€5—|—€2—QM
- ’72?13’72?24 X 4 [ ¥
g V13724
y (N (10:2) +n2(T)) (n(e2 = 1,2, T) —n3(T)) o — 0
w—53+52—m&§2” w—53‘|‘52— n
p* I JTE
— 72;3172;42 X 1 : Y31 V42

g (N(n,uﬂ”) + n4(T)) (n(€4 — 1,2, T) —

w—€1+¢&4

nl(T))}
— 1S

o ¢

? 2

h.ph
‘I’%mg )(W) = Z X

_|_

w—€1+¢e4—8,




S [e” fm°/ MeV]

S[e fm’/ MeV]

2.5

Static only (FT-REOM1)

3.5

- 48

Ca
El

. FT-RRPA

collec?f\‘/

temp_ﬁatu

Static + dynamic (FT-REOM2)

25+

(S I~
9] =
T T T T T T T

=
T T T

4BCa LI B L B LI L I L
---T=0 FT-RTBA -
] 3__ —T=1MeV 48 i
) - |— T=3MeV Ca
a 25EL T=5MeV El
i — T=6MeV ]
2k .
i I’t
1.5 ' 7
- i
1E
05F
0 . ="
0 5 10
11328 |
-—-T=0
i — T=1MeV 132
L — T=2MeV Sn
20 — T=3MeV o
I T =5 MeV
L T=6McV ;

25

Uz, Ie
T>0) “48Ca and 1328n

I *; i

Thermal unblocking mechanism (simplified):

n(e) - SR . -

Oth approximation: sy
Uncorrelated propagator

£

N ny — N

() — &% =&y

-»-New transitions due to the thermal unblocking effects

-#-More collective and non-collective modes contribute to the

PVC self-energy (~400 modes at T=5-6 MeV)

-®'Broadening of the resulting GDR spectrum

mean field is modified consistently

temperature

significant in the high-energy part

-2 Development of the low-energy part => a feedback to GDR

-»-The spurious translation mode is properly decoupled as the

-® The role of the new terms in the ® amplitude increases with

-2 The role of dynamical correlations and fragmentation remain

E.L., H. Wibowo, Phys. Rev. Lett. 121, 082501 (2018)
H. Wibowo, E.L., Phys. Rev. C 100, 024307 (2019)



Spin=IseSpin response and Ee'ta decgfﬂi(ste

Gamow-Teller GT-response of 76Ni and 132Sn

e

— =

lar en

vitonments (T>

Beta decay half-lives in a stellar environment

lg(S[1/MeV]) S [1/MeV]
E T T T T T T T T T I T T I LN L JNL UL N LN I B N L N N T T 1 25 10
4f FT-RTBA T=0 x -~ FT-RRPA 81 FT-RRPA; GT
s GTR r GTR ] 1E EE FT-RTBA;GT
2 By . . iy Bl FT-RTBA; GT+FF
L 1" Thermal unblocking = 1 = Exp '
of mechanism: el 3634
. . . - 20
similar but with 0.01F 2
HF proton-neutron pairs ; Il
—— 0.001 :
4F FT-RTBA _ ;
A= 920keV Beta decay in r-process 1000 Ig(oYe) =7
2?GTR atT>0 ?1005' ga=127 E
132 . . — 10k 3
L E. L., C. Robin, H. Wibowo, <« ¢
of PLB 800, 135134 (2020) & | 23 55
0.012— II ;
b : :
= _ 0.001 0 075 .0
E [MeV] T [MeV]
GT+ response around 78Ni Electron capture rates around 78Ni
nRRPA FT-pnR(Q)RPA D -
- p — < - T T [ T T T 1 T T 7T
80, T Al | rrmroyea|  INTErplay of superfluidity 2q. DS
E and collective effects jzj ) ::,_4:7
ET=0 . . — 2g+phonon 3 i
01} in core-collapse supernovae: 3 lg(pY,) =11
= 0_01;, ‘ Parametrization (LMP) | w0,
Q i i : 1 ‘“. 1 . - ; . ps i | [ Ly
S 000 -+ Ampilifies the EC rates and, consequently, 10000 [ [ =
= o |-+ Reduces the electron-to-b i o0r T 5
= onl 1+ Reduces the electron-to-baryon ratio, — [ 2
¥ i 4 leading to lower pressure O '—\// ]
B lngs -+ Promotes the gravitational collapse < 0ot o0 b
M 1.+ Increases the neutrino flux and effective AT o]
ULE . 0 05 1 15 2 0 05 1 15 2
: coolin
0.001 1 g _ ] T [MeV] T [MeV]
1+ Allows heavy nuclei to survive the collapse
0.1F
0.01f
0.001 R N L1
0 05 1 15 2

E.L., C. Robin, PRC 103, 024326 (2021)

T [MeV]
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Complete T=0 and T>0fsup'e"'i’flu1d formél;sm i“@r-thel G(2) G2 facto

i -'nl|

Theory is formulated in the HFB basis keep/ng 4x4 block matrix structure

Correlated 2q-propagator S. Bhattacharjee, E.L., arXiv:2412.20751

with Matsubara frequencies [“ﬁ] Z Z ztf [ld] ZifEkU]*
6 R op; W d
RMWVV' (wﬂ) ’R’.?LPL 'vv! (wﬂ-) + e fi o= SR
+ — Z ’R’,u,u, gy (wn 77’65’(“—’11)72156’1;1» (wn) Z?lf[l—}—] — xif Zif[2+] _ y’if
77:55: pps pp pp’ pp!
if[3+] __ 4 4if if[4+] _ yyif
Uncorrelated 2q-propagator Rl 2w = VY
n A A n if[1=] _ ~yif* if[2—] _ pifx
0 —1 2 =V, Z.5 =&
Ry (wn) = (wn — B3 E | Nyprvw e e s =
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The dynamical kernel in the factorized form: |:> L Wk + Wp T W J
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Theory is formulated in the HFB basis keeping 4x4 block matrix structure

Correlated 2q-propagator S. Bhattacharjee, E.L., arXiv.'2412.207§1
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Summary:

-® RNFT is heading toward a fully self-consistent approach for describing nuclear excited states in
large model spaces with a shell-model quality

-& The emergent collective effects associated with the dynamical kernels of the fermionic EOMSs
renormalize interactions in correlated media and underlie the spectral fragmentation mechanisms

-® A hierarchy of converging growing-complexity approximations generates solutions of growing
accuracy and can quantify the uncertainties of the many-body theory

-® The recently enabled capabilities: a complete superfluid response theory is formulated for G2 G2
factorized dynamical kernels at T=0 and T>0: complex ground state correlations are addressed
systematically

Open theoretical problems:

-2 Correct separation of and delicate relationship between the static and dynamical kernels in the
practical approximate solutions (linking bare and effective interactions)

-® Consistency between the direct and pairing channels in the dynamical kernels in practical
implementations

-& Ambiguities of numerical implementations on the 2p2h and 3p3h levels of complexity (complex
configurations in pairing and beyond)

- An adequate assessment of the quantitative role of fully connected multi-fermion correlators (~
irreducible three- and many-body “forces” in the medium).
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