Collective Excitations in Open-Shell Nuclei:
Strength Functions in the In-Medium CI
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« standard methods to describe giant resonances in closed-shell nuclei

« (S)TDA: excited states built on Hartree-Fock ground state via 1p1h (+2p2h) excitations

* (S)RPA: excited states built on correlated ground state via 1p1h (+2p2h) excitations and de-excitations

but: typically, ground state is replaced by Hartree-Fock state via quasi-boson approximation
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Combining In-Medium SRG with (S)RPA

S
* IM-SRG: reference state is decoupled from ph excitations %
m
« idea: implementing IM-SRG evolved matrix elements in (S)RPA %
m
— improved treatment of correlations beforehand (i.e. in IM-SRG),
while maintaining simple structure of the formalism
3
z
=
« for IM-(S)RPA, all contributions from de-excitations vanish r‘i
m
— IM-(S)RPA is reduced to IM-(S)TDA §
— improvement in computational effort

— access to converged results for heavier nuclei, e.g. *°Ca or *2Ca
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From IM-(S)TDA to IM-ClI 0 s

g B

[ IM-RPA H IM-SRPA J

{ IM-TDA 4)[ IM-STDA J

[ IM-CI (1p1h) ]—{ IM-CI (2p2h) H IM-CI (3p3h) ]
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From IM-(S)TDA to IM-CI

[ IM-RPA H IM-SRPA J /Advantages of Cl compared to (S)RPA:\

1. higher ph ranks (convergence!)

2. access to open-shell nuclei

- )

{ IM-TDA —)[ IM-STDA J

[ IM-CI (1p1h) H IM-CI (2p2h) H IM-CI (3p3h) ]
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In-Medium CIl with Lanczos Strength-Function Method

Oxygen Isotopes
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Carbon Isotopes
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Oxygen

« 2p2h contributions close to
convergence for most isotopes

« convergence at 3p3h truncation for
most isotopes

« higher contributions required for 130

Carbon
« slower convergence behavior

 higher contributions required




Impact of Interaction Cutoffs and Chiral Orders
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interaction applied in plots throughout the talk:
chiral NN+3N interactions with cutoff of 500 MeV

NN: Entem, Machleidt, Nosyk, Phys. Rev. C 96, 024002 (2017)

3N: Huther, Vobig, Hebeler, Machleidt, Roth, Phys. Lett. B 808, 135651 (2020)

— reasonable results for ground-state observables
comparing different chiral orders at 4p4h truncation
N2LO and N3LO yield similar strength distributions

strengths at higher energies compared to experiment

— also found for other transition modes and nuclei
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« chiral NN+3N interactions at two different cutoffs

NN: Entem, Machleidt, Nosyk, Phys. Rev. C 96, 024002 (2017)
3N: Huther, Vobig, Hebeler, Machleidt, Roth, Phys. Lett. B 808, 135651 (2020)

>
s
E iRy « comparing different chiral orders at 4p4h truncation
% o, 4 EMN[500] ﬁ . Ahrens et a/ « N2LO and N3LO yield similar strength distributions
W E Ishkhanov et al.
> 03 « EMNI[450] at N3LO consistent with experimental data
o 021
.  similar behavior for other nuclei
0.0 +—rm —
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E[MeV] NLO
— N2LO
— N3LO

26/02/2026 | Michelle Muller | TU Darmstadt



Collective Excitations in Open-Shell Nuclei:

Strength Functions in the In-Medium CI

Michelle Miller, Robert Roth

itations reveals informa-
. deformation, in-
"
= two methods to investigate giant resonances
1. (SIRPA (standard tool)
2. Cl with Lanczos strength-function method
(relatively novel approach)

+ studying collective ex
tion on nuclear propert
compressibility or polarizabil

* standard tool to describe giant resonances
* restricted to Slater determinant -~ closed-shell nuclei

* (S)RPA: excited states built on correlated ground state
via 1plh (+2p2h) excitations and de-excitations

* but: typically, ground state replaced by HF state

+ (8)TDA: simplification of (S)RPA, excited states built on
Hartree-Fock state via 1p1h (+2p2h) excitations
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m Random-Phase Approximation Configuration Interaction

= giant resonances from ph truncated (IT-)CI com-
bined with Lanczos strength-function method [1, 2]

* two major advantages compared to (S)RPA:
1. possibility to study higher ph ranks
2. direet access to open-shell nuclei

= idea: iteratively constructing orthonormal basis in
which the Hamiltonian matrix becomes tridiagonal

* clever choice of pivot vector using EM operator

* Clallows describing open-shell nuclei and explor-
ing convergence with respect to ph truncation o+ . a1
on} = Tea W), 8 = (ol T, Tia o)

+ improved treatment of correlations by includ- IM-RPA — IM-SRPA — “IM-TRPA

ing in-medium SRG evolved matrix elements for I ' I ground state calculated in CI

A T2 Frien, I e IRE—r— - diagonalization of tridiagonal matrix yields appros-
* ab initio calculations: employing chiral NN+3N imations of Hamiltonian eigenpairs

interactions with two different cutoffs ! | « first coefficient provides transition matrix element

IM-CI(1p1h) — IM-CI{2p2h) — IM-CI(3p3h)

~ exploring convergence with respect to chiral
orders as well as cutoff dcpcm‘icncﬂ

Mergmg In-Medium SRG with (S)RPA and CI Impact and Convergence of Chiral Interactions

In-Medium (S)RPA and (S)TDA =mem || o gtrength distributions computed with IM-CI(4p4h) for '°0, 1C and ¢
1\ + SRG-evolved (& = 0.08 fm®) non-local chiral NN+3N interaction from [3, 4]

An 1 A
Cl = {@alin) = i(wn\Tu- %o}

e

+ using IM-SRG evolved matrix elements in (S)RPA 3
+ improved treatment of correlatians 3

+ IM-(S)RPA can be reduced to simpler IM-(S)TDA

. ; of fonal costs

L
~ access to converged results for heavier nuclei LI
g In-Medium CI

* (S)TDA is formally equivalent to ph truncated CI
combined with Lanezos strength-function methad

- equivalence of IM-(S)RPA and IM-CT

+ slight differences arise because ...
s NLD = NLO == NLO (hw = 20MeV, erux = 12, faax = 8 and Enguax = 14)
w © . ground state is not fully decoupled in IM-SRG and

: (S)RPA does not include residual coupling + N2LO and N°LO yield similar strength distributions
... low-lying states in isoscalar modes are affected by|| * EMN[500] produces results at higher energies compared to experimental strengths
spurious center-of-mass contributions + 1%0; EMN[450] is consistent with main peak of experimental data in N°LO

. (SJRPA is J-coupled, while CI uses m-scheme .

Take-Home Messages
* equivalence of IM-(S)RPA, IM-(S)TDA and IM-CI
+ IM-(S)TDA is computationally more efficient than IM-(S)RPA
= enables calculation of heavier nuclei, e.g. Calcium
* IM-Cl allows exploring ph convergence and open-shell nuclei

« convergence of strength distributions with respect to chiral orders

= EMN[450] yields strength distributions consistent with main
peak of experimental data

What to do in the future?
IMCI(1pth} = IMRPA  — IM-CI(2p2h) = IM-SRPA IM-CI(3p3h)  — IM-CI{4ph) « push Carbon isotopes to convergence
« 1p1h yields results far from convergence » both 1p1h and 2p2h distributions not converged || » test different interaction families and parameters
« large downward shifts for higher ranks

* already reasonable results at 2p2h level = consider heavier isotopic chains with IM-CL, e.g. Neon

+ convergence at 3p3h for most isatopes + distributions not even converged for 3p3h/4péh T
References. [3] D R Entem, R Machleidt, and ¥ Nosyk, Phys. Rev. C 96, 024004
o
U €. Lanczos, J. Mes. Natl Bur Stand. B 45 255 (1950). T al, Physics Letiers B 808 (2020)
1 Snomph T Wkt and . Pty 0T k70506840 e g H
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Thank you for your attention!

Find more information on my poster!

Hessisches Kompatenzzentrum

fir Hochleistungsrechnen
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In-Medium Similarity Renormalization Group

Single-Reference IM-SRG

Hartree-Fock/
Natural Orbitals

V

( SR-IM-SRG 1

closed-shell nuclei
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Multi-Reference IM-SRG

Hartree-Fock/
Natural Orbitals

¥

NCSM
(N©L =0 or?2)

max
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v
o

open-shell nuclei
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Cl with Lanczos Strength-Function Method

 relatively novel approach to calculate transition strengths
« idea: constructing orthonormal basis V, = (v}, ¥, ..., U») in which Hamiltonian becomes tridiagonal

* recursive formulation of Lanczos vectors

Uig1 = %(H@ — Bit1Ui—1 — a;7;)

o; =0 Hoy, B = |HU; — Bi—1¥i—1 — T

 clever choice of pivot vector

v1) = 2= TialWo), S = (Vo|T}f, Tiaa | ¥o)

electric multipole operator

S IFG
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Cl with Lanczos Strength-Function Method W Ueren

« after p iteration steps, Hamiltonian can be rewritten in tridiagonal form:

/041 51 0 0 \
b1 s B2 b :
H,=1¢9 . 0
5 o Bp—2 - Bp-1
\0 ... 0 B oy

« diagonalization yields approximation of Hamiltonian eigenstates
p
@) =Y C)" o)
j=1

» choice of pivot vector: first coefficient provides transition matrix element

oM _ D, |vg) = (I)nT NI ground state determined
' (Bafor) = 75 (2nlToalTo) by preceding CI

@)
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In-Medium CIl with Lanczos Strength-Function Method

| IM-RPA > IM-SRPA

P

| IM-TDA ——>  IMSTDA

o
o

IM-CI(1p1h) 16
IM-TDA O

o
N
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o
NS

o
o
o

1 t E[MeV]

10 20 30 40
‘ IM-CI (1p1h) }—>{ IM-CI (2p2h) }—>{ IM-CI (3p3h) ]

>
S 0.6 — IM-CI(2p2h) 163
~ = IM-STDA
« two major advantages of Cl compared to (S)RPA and (S)TDA: ;E 0.4
1. possibility to study higher ph ranks (convergence!) < 02
@ 007 - - - =

2. access to open-shell nuclei
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In-Medium CI with Lanczos Strength-Function Method

Oxygen Isotopes - EOIS and E2IS
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In-Medium CI with Lanczos Strength-Function Method

Carbon Isotopes - EOIS and E2IS
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Impact of Interaction Cutoffs

12C

0.3 4 EMN[450]
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chiral NN+3N interactions at two different cutoffs

NN: Entem, Machleidt, Nosyk, Phys. Rev. C 96, 024002 (2017)
3N: Huther, Vobig, Hebeler, Machleidt, Roth, Phys. Lett. B 808, 135651 (2020)

comparing different chiral orders at 4p4h truncation
(reminder: 12C is not converged at this truncation)

N2LO and N3LO yield similar strength distributions

EMN[450] at N3LO close to experimental data
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