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Motivation: why finite-temperature response?

Giant Resonances
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A. Tamii, P. von Neumann-Cosel, I. Poltoratska, EPJ A 50 (2), 28 (2014)
Dipole
GDR v' GRs carry information about the

fundamental properties of nuclei

v" GRs are crucial in nuclear astrophysics for
understanding key processes such as

Quadrupole nucleosynthesis in stars and supernovae.

GQR

v" GRs provide direct constraints on nuclear
incompressibility, symmetry  energy,

Schematic representation of giant resonances. effective mass, and surface properties.
Ref: Kernphysik Homepage( H.J.Wollersheim ) (gsi.de) 3
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Motivation: Giant Resonances at finite temperature

v Giant resonances contribute to y-ray strength functions, which
influence nuclear reaction rates. 0

v’ In stellar and explosive astrophysical environments, finite-
temperature E1 y-strength functions affect radiative-capture and
photodisintegration rates, thereby impacting nucleosynthesis.
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Giant Resonances in Hot Nuclei, George F. Bertsch; Ricardo A. Broglia

v' The hot IVGDR is the main experimentally
accessible giant resonance in highly excited
nuclei.
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The Astrophysical Journal, 855:99 (9pp), 2018

v How do nuclear excitations evolve with increasing temperature?
v' Experimental studies are mainly based on

high-energy y decay from hot compound nuclei
populated in heavy-ion fusion—-evaporation
reactions.

v’ Self-consistent mean-field theories (HF(B), Q(RPA)) are standing
as the prominent tools for calculations.



Motivation: Hot pygmy dipole strength? (HOT-PDS)
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IFIN 9MV Tandem facility in Romania: They study y decay from
hot, thermalized compound nuclei: *°Ni* *°Ni* ®*Ni (T) ~
1.6 MeV

For ®*Ni and ®*Ni : A clear excess yield appears below the GDR
centroid, around 10 MeV.

Hot PDS? Microscopic studies are needed!



Motivation: weak interaction processes at finite temperature

* Spin—isospin response plays a central role in stellar weak-interaction processes.

. P —decay rates of neutron-rich nuclei governs r-process timescales (a) MHD
and abundance patterns, with contributions from Gamow-Teller and

first-forbidden transitions.

. Electron capture shapes the electron fraction and collapse dynamics N
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In stellar matter, weak rates depend on temperature, density, and
nuclear excitations.

Finite-temperature HFB/BCS + charge-exchange QRPA provide a
microscopic framework for these calculations.
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Finite temperature HF-RPA

Nuclei at finite temperature can be treated as open systems that exchange both heat and particles described within
the grand-canonical ensemble. Such a system is characterized by its grand-potential:

a) Single-particle energies around fermi level
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Finite temperature HF-RPA: impact on configuration space

(a) T=0 (b)  Finite temperature (T > 0)
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Derivation of finite temperature HF-RPA

Thermal Hartree-Fock basis Standard RPA excitation operator

holi) = eili),  pl = (clei)r = 03 fi.

i 1] gt 1jJ % QL — Z (X;iCLi — YﬁléCmi) .
For an ordered thermally allowed transition, ™
For a neutral excitation, the transition operators conserve

particle number, so the projected equation of motion can
be written with the physical many-body Hamiltonian

((Comis [1.Q81),. = Eu ([Couis Q1)) )E = hw,.
— El/(f@ — fm)X;':n

LHS: Double-commutator matrices

€i < Emy, Ji > fm-
C:m =l ¢, Coi = c;—rcm = (C’im-)f.

thermal commutator norm of a particle—hole operator.

([Crnis C:n;i;DT = O ((:;-rc,ir)T — 5q;i:<(:j,n,cm)T
— 6mm’ 51'?2’ f i 51'?1’ 5mm’ f m
— [(fz - fm)}gmm’(sii’ .

<[C’miv [ﬁv CLW]DT;
Bm’i,m”i’ = - <[Cmi: [ﬁa C‘m’i’“>T .

Ami,m’i’

At finite temperature, each transition has a different norm. The available
phase space is f; — f,,. At zero temperature, for a hole-to-particle
transition, this factor becomes f,—f, = 1, so ordinary RPA is recovered.



Projected equation of motion: A4, B, and the FT-RPA matrix

The forward projected equation is
Z (Ami,m’i’ TVn,’z" + Bmi,m’i’YTI;L’i’) — EV(fz - fm)X';/m
m'’
Thermal Wick factorization gives
Aﬂni,m"i’ = (ft - fm) {(Em - Ei)(smm’(sii" + (fi’ - fm’) gzeiﬁ,;i’m’] .

Bmi,m"z" = (fz - fm)(fz" - fm") T;Eiajmh;f-

\ J
1

The simplified forward FT-RPA equation is then

X, = 3 AL

me,m’

v ("UU) v
;me,l"l —|_ Bmi?m;é;Ym!i!} s
m'

A i = Em = €00+ (B = B Viiome
BY) iy =i = F Vi
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Projected equation of motion: A4, B, and the FT-RPA matrix

For a Hermitian residual kernel, define

X2 = (fi — fu) X2

Vi =/ (fi — fm) Vi
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The reduced transition amplitude of a normalized positive-energy mode is

MV(QJ)

:Z'
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(fi = f) | X0 + (1Y ] mll Q)

=

DY | il

*E. Yiksel, G. Colo, E. Khan, Y. F. Niu, and K. Bozkurt, Phys. Rev. C 96, 024303, (2017).
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FT-HF+BCS: how temperature modifies states and pairing

The paired thermal reference minimizes the grand potential in the space of normaland anomalous
densities

Qlp,k, k"] = Elp,k, k"] =TS — AN — A\ Z.

1
- 14exp(E/T)’

Germalquasiparticles E, = \/(ek — )2+ Ai, fi

Thermal normal density and pairing tensor

Pk = v,f(l — fi) + u,%fk ik = ukvk(l — 2fk)

Thermal quasiparticles modify the orbital occupation. The factor 1 — 2f; reduces pair coherence.

&lf-consistentpairinggapAk = — Z Vi Ugr vy (1 — 2fk/).
k/

T = T = [(-2f) = ki, Acl.

T—0: fk =0, px— VE, Kk — Uk V. A—0: normal FT-HF / FT-RPA limit.
FT-HF+BCS reference — FT-QRPA / FT-PNQRPA
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FT-HF+BCS: how temperature modifies states and pairing
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Thermal commutator metrics

* From FT-HF+BCS, define quasiparticle operators
aju Qa,
.= /(ea — A + A2,
* Fermi-Dirac occupations are

1
Ja=1 + exp(E,/T)

* At finite temperature, the quasiparticle vacuum is
replaced by a thermal ensemble. In the diagonal

quasiparticle basis,
(alan)r = duffa  (@aa])r = 00 = fa)

* The grand Hamiltonian is written as

7:[ — f{ - )\N = FErer + Z Eaa{lafa + f/res-

Two-quasiparticle pair sector: a pair-creation
operator and its reverse partner by

Plb = al ozz, P.u = apayg,.

a

The diagonal Hamiltonian gives
Ho, P11 = (Ey + E3)P! .

Thermal quasiparticle-scattering sector: we define
the scattering operator and its reverse partner by

Slb — Oél()ﬂb, Sup = ozzoza.

The diagonal Hamiltonian gives
[Ho,S;) = (Ea — Ep)Sh,

14



Thermal commutator metrics

* From FT-HF+BCS, define quasiparticle operators « The thermal metrics are the FT-QRPA analogue of

the FT-RPA factor fi — fm.

Plb = ozloz?{, Pub = apg.

([P PL)).

aju Oéaa

.= /(ea — A + A2,

<Qrbc1raar:£a;£ — c}rlazc}rbaa>T

(1 = i) (1 = 1) — o)y
(1= fa)(1 = f5) = fafs
1—%—%}

* Fermi-Dirac occupations are

1
Ja=1 + exp(E,/T)

—H— i

* At finite temperature, the quasiparticle vacuum is
replaced by a thermal ensemble. In the diagonal
quasiparticle basis,

(ol o) = 6a <Oﬂa0{z>T = 6a

* The grand Hamiltonian is written as

Slb = alab, Sup = aZaa.

<[Sab,_ SZbDT = <Q:Z(1:aa:2ab — sz.ﬂfb@z@a>T
- (ﬁb(l - ﬁ/a) - ﬁa(l — ﬁb))T

— fb(l - fa) - fa.(l - fb)

o = ful]

Ng = ajtaa is a quasiparticle-number operator and that aaa]; =1-—n,.

7:Z — f{ — )\N = Frer + Z Eaa{l@a + f/res-




Thermal commutators

 The thermal metrics are the FT-QRPA analogue of
the FT-RPA factor fi — fm.

* FT-QRPA phonon operator: A collective FT-
QRPA excitation contains both pair and thermal-

Pl —alal Pu, = aparg.
T _ P S | T oT ab a“ths ab ba
<[Pab, Pa-bDT = <a.ba.aalab — alababaa>T

— ((1 - ﬁa)(l - ﬁb) - 'ﬁa.'ﬁ/b>T
(1 — fa-)(l — fb) — fa.fb
1 — fa — fb J

Slb = alab, Sup = oz};aa.

—H— i

Ea,>Eb

Il = ; ( 5P, - bPab} +[ D (P STy — QZbSab)]-

<[Sab,_ SZbDT = <(}:Z(}:a(}:£ab — @fzﬂb@fg@ia>T
- <ﬁ’b(1 - ﬁ*a) - ﬁa(l - ﬁb))T
= fo(1 = fa) = fa(1 = fo)

:{ fb - fa . ]

e X,Y are forward and backward pair amplitudes;

e P, Q are forward and reverse thermal-scattering
amplitudes;

fla = alag is a quasiparticle-number operator and that azaf = 1 — f,.

16



Projected equation of motion

* The finite-temperature equation of motion s

(bO,[H,TI)) =B, (JO.T]]) . #H=H AN = Bt + Y Euofa + View

* project with the four elementary operators. The corresponding right-hand sides are

(SansTH]), = (fo = fa) Pi,
(PapsTE]) = (1= fa— fo) X2,
([PasTE)), = (1= fa— fo)Yis,
([SansTH]), = (fy — fa) Qi

17



Projected equation of motion

* The finite-temperature equation of motion s

(bO,[H,TI)) =B, (JO.T]]) . #H=H AN = Bt + Y Euofa + View

* project with the four elementary operators. The corresponding leftt-hand sides are

Aab.cd = <'Pabj H. PZd]DT’ Bub.cd = — <:Paba [, Pcd]]>T,
Cab.ed = < Sab, [H. Sid]]>T, Dabcd = — <:Sa,b; [, ScdH>T7

Aab.cd = < Sabs [H, Pid]]>T; Dabecd = — <-Sab; [, Pcd]]>T,
Qapcd = < s [H, Sid“>T9 Dab.cd = —< abs [H, ScdH>T

[7—20, szb] = (B, + Eb)PIzbv pair configurations

[7:[(), szb] = (Fq — Eb)slb- thermal-scattering configurations

18



Projected equation of motion

* The diagonal quasiparticle Hamiltonian gives  Consequently, the diagonal pieces occur only in the
forward pair and forward scattering blocks:
? 1 T
Ho, Pab] = (Fo + Eb)Pabv = Auw.cd = (1= fo — fo)(Eq + Ep)dacpa + residual part,
[7—107 Slb] = (Ey — Eb)sab' Cab.cd = (fo — fa)(Eq — Ep)dacOpg + residual part.

Thermal Wick factorization gives the directly projected blocks:

Aabed = (1= fa = fo)(Ea + Ep)0acoba + (1 = fo = fu)(1 = fe = fa)Aup.ca-
Babea = (1= fo— [p)(1 = fo — fa)Bab.cd-
Caved = (foo = fa)(Ea — E4)0ac0pa + (fo — fa)(fa — fe)Cop.car
Daped = (fo — fa)(fa — fe)Dab.cd-
alhrel) = (fo = Fa)(1 = fo = fa) Qub,ea
) = (fo = Ja) (1= fe = fa) bab,ca

19



FT-QRPA MATRIX
s = (Uatiatiyts + Uav30,05 ) Vasys Coa = (Matigtiytts + 0av3tys ) Vassy
+ (ua’vgufy vs + vauﬁwwu(;) VaS,éfy - (Ua VBU~NVs 1 VaUpU~Us ) V@gg,},
— (uavﬂv,},ug + fvau,gu,}/vg) Va,—y 35 + (Ua UBV~V5 T Vo UBU~Us ) Vm..g_;ga
Bapys = (’“a”ﬁ%ué + ﬁauﬁu’?/v(s)vaéﬁf@ Daprs = (uaufﬂ%,'u(s + Ucy@’qu@é‘)V@Bq'é‘
+ (’“a”ﬁ“w U5 + ValUgUyUs ) Va'yBS — (ua VU USs + z,vcmgw,w) Va:g;ﬂ;

— (uauﬁv’}/ vs + Uavb’u'}/ué) Vaﬁﬁﬁ' —+ (”U@ UBU~ Vs + Va3 U~ 11/5) V@(ﬁ-f}a

Qafys = (UO‘ Uty U = Ua Uty 5) Vagns basye = (’Ua UBU~Us — Ua VU5 Vs ) Vagys

— (VA VRU~VS — UsUBU~US ) Vo535
( atBBybo BB (’) a0 —(1)@@3%@5 — zx,au,gvvu,(s)Vm;@;{.

—f—(“l/’ VaU~US — U UF UJNU‘)V ~AS8
a¥pYyHe T RalpEYT0 ] Y anBs) + (va UaU~Us — UaUgly %‘) Vors:
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* Inthe normalized basis, the FT-QRPA equation has the canonical form

FT-QRPA MATRIX

( C a b D \ (ﬁv\ (ﬁv\
at A B XV o | X
—pt —B* —A* —al | |Y” Yy
\-D* —b* —-a -c*) \o/ 0 )
* The canonical blocks are
ﬁab,cd — (Ea, + Eb)6ac5bd + \/(1 — fa, — fb)(l — fc — fd)Ai);b,cdv
= Xap = XV T Ja = Jo
Ba,c: 1_fa_f 1—f(—f Ba.c; wab ab
o Vi 5 e Fiy = P/ Fo = fa.
Cabed = (Lo — Epy)0acpd + \/(fb — fa)(fa = [)Cop.ca: .
~ }/c;/ZJ:Y(E)\/l_fa_fb:
Db eqd = \/(fb — Ja)(fa = fe) Dab.cd; 0" = Q% fy — f.

&ab,cd — \/(fb — fa,)(l — fc — fd)aab,cda
Eab,cd — \/(fb — fa,)(l — fc — fd)bab,cd-

21



Normalization and strength function

Their normalization is fixed by the thermal boson condition

<[F,,, F]f,,]>T — 5.

51/1/,_2[)(7/* 1/ Y:/* 1/}

a<b
+ > PPy - Qi)
Eq>Ey
S(IXGE - ER + Y (PP - lQu?) =1
a<b E.>Ey

B(TJ,w) = | (w||F;|[0)]” =

S { (X8 + (~1)F Y ) (wgva + (—1)veua) T = fo — fa

c>d

+ (B (1734 Q) (et — (1) veva) v/ Fa — Fe (el F |

2
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Consistency checks

Zero-temperature limit

For T — O,
fa — 0, 1—fo— fo — 1, fo — fa — 0.
Hence o o
P.CQ)— 0, C.D,a,b— 0,
and the FT-QRPA matrix reduces to ordinary QRPA.
Vanishing pairing limit

When

A — 0,

the Bogoliubov coefficients become particle-like or hole-like:

u2—>00r1, v> — 1 or 0.

The full paired configuration space then reorganizes into the normal FT-RPA or FT-PNRPA transition

space. The mapping is a property of the complete assembled response matrix, not of one individual
QRPA block alone.



Isovector dipole excitations at finite temperatures
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Isoscalar quadrupole excitations at finite temperatures

80r (B 120a,. i . __QRPA g
60| SnSLyS S - - FT-RPAT=05MeV |
[ — —FT-QRPA T=0.5 MeV |
aor [ | v FT-RPA and FT-QRPA results are quite
— 20 i i (@)] different both in the high-energy and
> - ' — low-energy regions.
% 807 : i —— QRPA ] e
e 00 T EI:S;APX?%%A&\;V‘_ v’ This difference indicates the important
~ 40 ' . role of pairing correlations in open-shell
= 20] (b)'- nuclei at finite temperatures.
N e —|
EJ./ 80 _ I : — QRPA _ E. Yiiksel, G. Cold, E. Khan, Y. F. Niu, and K. Bozkurt,
D 5ol ' — — FT-RPAT=1.0 MeV | Phys. Rev. C 96, 024303, (2017).
- — —FT-QRPA T=1.0 MeV -
40 .
20 (€)
0

0O 2 4 6 8 10 12 14 16 18 20 22 24
E [MeV]

The isoscalar quadrupole response in '?9Sn using the FT-Q(RPA) and SLy5 interaction at finite temperatures.
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Isoscalar monopole excitations at finite temperatures

350 -
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é | $=;gm9x é b= === T=1.5MeV ]
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& 2007 1 &30 ° - to the temperature effects up to T=0.9 MeV.
S 150 1 oS '
';)\J, GLU)’ 200 -
100 | - * Even at higher temperatures, the ISGMR peak is
[ 100 -
50 I ] Slightly modified, whereas collectivity is
- 0 L
28 28 destroyed.
E [MeV]
T 700 T T T T T T T T T
] 650 | (I T=2.0 MeV 1 * In addition, new excited states are obtained
= . E 600 132gp : below E<10 MeV with increasing temperature.
%) 13
Q 1 g * Low-energy region of the "¥2Sn is more sensitive
EJ/ | =
m .
to the changes in the temperature compared to
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Isoscalar monopole response in 116Sn and 132S5n nuclei with increasing temperature. The calculations are performed using the

SkM* interaction. 26
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Hot pygmy dipole strength in nickel isotopes

Amandeep Kaur

" Esra Yiiksel

27 and Nils Paar®!-*

'"Department of Physics, Faculty of Science, University of Zagreb, Bijenicka c. 32, 10000 Zagreb, Croutiu
2School of Mathematics and Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom
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Hot pygmy dipole strength in nickel isotopes

17 _66W(a) Integrated E1 strength 2B(E1) for 66Ni (a) and 62Ni (b) as a function of

B(E1) [e*fm?]

temperature.
. ""“-‘_——:E‘—A——‘——A___‘___‘r__‘
16_L EZOF‘f I";i}’ev L 1. Low temperatures (T <Tc):
| LA 12<Es<50 MeN * Pairing correlations are still active; thermal occupation factors remain
TR0 0V small. The E1 strength changes only weakly.
0 F 2. Around the pairing critical temperature (Tc):

Lo PP P U PR * Clear onset of strength redistribution.

16 ﬁw * Pairing collapse enables thermal unblocking of new transitions.

A, 3. High temperatures (T = 1-2 MeV):
— i —hA——aA

[
n

EB(El) [e*fm?]

E=0-6MeV | » Strongincrease of E1 strength in the 6-12 MeV region.
T 7 6-Es2Mev T * Simultaneous reduction of GDR-region strength, indicating transfer
—A—12<E<50MeV : . .
I e E—0-50 MeV rather than simple broadening.
T * Confirms that HPDS arises mainly from redistribution of strength
0 : from high to low energies.

0002040608101.2141.6 1820
T [MeV] * Amandeep Kaur, Esra Yuksel and Nils Paar Phys. Rev. C 112, L051304, (2025). 28
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o | =~~~ Global fit 48Ca . ste

10 3 Unique fit 3

- Exp.data 4P "
107 F 3 iy
10" ' l 20I6Pb
10°F &
107 f {
10 | 1

8 12 16 20 24 8 16 20 24

E (MeV) E (MeV)

Benchmarking the zero-temperature E1 y-strength
function

Benchmark at T=0: RQRPA E1 ySFs reproduce
photoabsorption data.

Dataset: 42 spherical and near-spherical nuclei, A=40-208.

Spreading effects: included through fitted global/unique width
prescriptions.

Next step: extend to finite-temperature E1+M1 ySFs.

16me?
fei(E) 271‘1313 < R (B)
far1 (E) 167 '/2n B(M1),

T 2Th3¢ ((E — w)? +12/4)
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* E1 > dominates the GDR region
* M1 > spin-flip resonance at lower energy

M (Received 16 January 2025; accepted 17 June 2025; published 2 July 2025)

- 124 S 7 208
10—6 B le, 106 . fEla RQRPA ;._:___ Sn ; fEI’ RQRPA ‘e __. Pb
F T LIPS S £y, RQRPA = | fuis RQRPA 7R, 2. (c)
[ T=0 MeV [ T=0 MeV 2 [ LT MeV
107k [
'> 3 Fultz et al., (1969) 10-7 =
) [ < Lepretre et al., (1974) -
Sorokin et al., (1974) [ 7 .
\% 1 0.3 v Varlamov et al., (2009) - 107 ¢ ;;Ego ctal, I, (2018)
~ . I * Jingoetal, II, (2018)
o : Utsunorrnlya etal, (2011) Fultz et al., (1969) Vesyssiere et al., (1970)
fz» (pp") data (2016) 10° F < Lepretre etal, (1974) + Sorokin et al., (1973)
M1 f..» (p.p") data (2020) - \ Sorokin et al., (1975) * Belyaev et al., (1995)
10° . £, (p.p) data (2016) [ ML Y v Varlmovetal, 2009)f 1 (® L .+ Kondoetal., I, (2012)
S f, ., (p.p') data (2020) [ fe1» (p.p) data (2020) - M1 f . (p.p) data
'\‘H -~ i / \ fMl" (p,p') data (2020) ’ “.\ f , (p’pl) data
(TR 1A RN NN S SRR TR TN SRR RN R 107 I N SR SR N TR SR SN NN NN AR R S TN M s AR R S S S
2 4 6 8 1012 14 16 18 20 22 24 26 2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 1012 14 16 18 20 22 24 26
E, (MeV) E, (MeV) E, (MeV)

At T=0, RQRPA reproduces the E1-dominated GDR region and the observed M1 spin-flip strength.

* This provides the baseline for finite-temperature E1+M1 ySF calculations.
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(p,p") data (2020)
(p.p") data (2016)
= Oslo data
----T=0.0 MeV
T=0.5 MeV
e T=1.0 MeV
e =15 MeV

(p.p') data (2020)
= QOslo data
----T=0.0 MeV
T=0.5 MeV
e T=1.0 MeV
T=1.3 MeV
e T=1,5 MeV

8 10 12 14 16
E, (MeV)
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FT-RQRPA E1 + M1ySFs are calculated for T = 0-1.5MeV.

The GDR region remains nearly unchanged with temperature,
shows excellent agreement with the (p, p') data.

The low-E, region is strongly enhanced by thermal effects,
producing an upbend as E,, — 0.

The E,, = 4-10MeV region remains consistent with Oslo and
(p’ p")data.
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-------- f,» FT-RQRPA
10 | Sn ®) **Zr © “Mo £ FT R%RPA
T=1.3 MeV T=1 MeV T=1.65 MeV MP
. —— f,+fy,;» FT-RQRPA
e - - :':Ed';u ) / \\ -?—_.3-# /’J \\
g "'\ P AN o
7+ Oslodatal jv =77+ Oslodatal
/ Oslo data 11 = Oslo data II
107 > Oslodata [ .
10 ; + Oslodatalll | - Oslo data 111
L |||||||E"| I (RN NN NN (N N N A I N A NN N SR

| | | | | |
o 1 2 3 4 5 6 7 8 9100 1 2 3 4 5 6 7 8 9 100 1 2 3 4 5 6 7 8 9 10
E, (MeV) E, (MeV) E, (MeV)

* Oslodatal, Il and lll represent the lower, recommended and upper limits of experimental measurements normalized
within or at the limits of the range of uncertainties.

1. S. Goriely, et.al.,The European Physical Journal A 55, 172 (2019).
2. M. Guttormsen et.al., Phys. Rev. C 96, 024313 (2017).



Weak Transitions & Charge Exchange at finite temperature

Charge-exchange excitations are nuclear excitations in which a neutron is converted into a proton, or a proton into a
neutron, while the mass number A remains unchanged:

195, @ T
4 :
Fermi (IAS): Py = > 7i(i) 1992 %] 1952 19g,, * ! 19g,,
i=1
A A 9iilE saé
Gamow—Teller (GT): OcT+ = Z o (i) T+(7) Zr Zr
1=1 P n P n
A A (a) (o)
Spin—dipole (SD): Ospgmt = ¥ 1i [Yi(8:) ® o(i)] 5 72 (2)

(a) the Fermi transition preserves the orbital, whereas (b) the
Gamow-Teller transition also couples spin-orbit partner
configurations F. Osterfeld, Rev. Mod. Phys., 64, 491557 (1992).

1=1

An accurate determination of spin-isospin excitations and related nuclear properties is essential for astrophysical
calculations.
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S (IAS) [1/MeV]

S (IAS) [1/MeV]

S (IAS) [1/MeV]

Isobaric analog states at finite temperature
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0
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0> 4 6 8 101212 16 18 20

E [MeV]
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The IAS response in Sn nuclei with increasing temperature.

15.0 — T T T T T T T T 1 T T T T T T T 7 1
. IAS SkM* |
sl 2 i
\Y4
<
140 | % i
Ty
135 | 2 $ i
130F ™ T=0 MeV § 8 |
e T=0.5MeV « £
A T=0.7 MeV < % B
125 v T=0.9 MeV :> 8 i
¢ T=1.5MeV <« %
<« T=2.0MeV <
120 " | ' | ' | ' | ' | ' | | | | | ' | ' | ' |
100 104 108 112 116 120 124 128 132 136 140 144 148 152

A

The centroid energy of the IAS in Sn nuclei with

increasing temperature.
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Spin dipole response at finite temperature

=1 i 10 The spin-dipole resonance is excited by
% 1 1 the operator
3 | S
(Z, 0.1 J 0.1} Orvsp+, m = Zl ri [Yl(f"i) ® 5(’5)} M t(4),
& B

0.01 0.01 AL=1;, AT =1; AS = 1;

| ol It has three components0 ; 1 ; 2

v’ Temperature has a considerable
impact on the low-energy region of
the excitation spectrum.

0.1¢

0.01 1
100 T T T T T T 100

v' Important for Beta-decay
calculations

2_ I I I I I 104Sr;

>

(]

=
~

é \
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2

a

%)

=

)

10¢ 1 10¢

, 01,

0.1

1 1 1 1 1 1 ) 1 1 1 1 1 1 001 1 1 1 1 1 1
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Gamow-Teller states at finite temperature
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Gamow-Teller response at finite temperatures using relativistic and nonrelativistic functionals.
E. Ylksel, N. Paar, G. Colo, E. Khan, and Y. F. Niu, Phys. Rev. C 101, 044305, (2020).
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S(GT") (1/MeV)

Competition between pairing and temperature effects
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E. Yiiksel, N. Paar, G. Cold, E. Khan, and Y. . Niu, Phys. Rev. C 101, 044305, (2020).

24 28

1)
2)

Without the isoscalar pairing, the changes in
the GT states are caused by the decrease of
the isovector pairing effects and the
softening of the repulsive ph interaction due
to the temperature factors with increasing
temperature.

TT= IVpairing|l = E_,,; 1
TT= Vs | =E, |

onf

With the inclusion of the isoscalar pairing,
the decrease in the excitation energies
depends on the competition between the
temperature and isoscalar pairing effects.

The temperature reduces the impact of the
both isoscalar and the isovector pairing.
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Gamow-Teller states at finite temperature

e 40 — —
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v’ The channels

to the

excitation
become possible due
smearing of the Fermi surface.

new

The changes occur due to the
temperature induced effects on the
nuclear properties of nuclei and the
residual particle-hole interaction.

Continuum plays an important role
- transitions from thermally
unblocked states give rise to an
increase in the very low-energy
region of the GT strength at finite
temperatures.
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Finite temperature relativistic time blocking approximation vs finite
temperature RRPA.

Ig(S [1/MeV])

S [1/MeV]

4F FT-RTBA T=0

TARARaaanasanas 25 ¢ INCreasing temperature enhances and redistributes the
A=20keV o T=0sMev [IE A=200keV — FT-RTBA[ 5 GT- strength in 78Ni and 132Sn.
' ] i ]

115

f GTR
= TSNi

The strength becomes more fragmented and spreads
toward lower excitation energies, especially inside the

QB window. e
mé_TgNi T=0 i T=0.75Mev_§
= | — GTR &
(s X 0.01 SDR 0 %
g [ — SDR 1’ g
ik — SDR2 1<
UJE 201 IE X001 1 E
i 1t J‘ 1 3
0 ] : ] : ] : ] A AJ.TUU d'lJ.n ’ EE l J\_Jhlil i: I : m;r:ULNL!!LM
78 T=1MeV 1F 781
wf M TN o
T | =
: g,
* Nuclei become more beta-unstable as temperature 520; ] s
rises, with noticeable changes starting around T=0.5- O =
0.75 MeV. ?
0

-14 -12 -10 E?Mi?] 4 -2 0 7-1‘4‘-12 -10 E-?M;}S] 4 2 0
This temperature dependence must be included when The first-forbidden spin-dipole transitions also
calculating beta-decay rates in hot astrophysical

become increasingly important with temperature.
environments. 39



Beta-decay in stellar conditions

Beta-minus Decay

Antm

v' Crucial for  understanding

nucleosynthesis.

v' Based on relativistic energy density functional theory and the
proton-neutron Quasiparticle Random Phase Approximation

eutrino  Electron v" The general form of B-decay rate in stellar conditions is
9
o + In?2 Po 5 5
A= ' a p.Wo = W)'F(Z,W)CW)[1 — f(W)]dp.
stellar  evolution  and 0

v' For the allowed GT transitions, C(W) is equal to the
reduced matrix element of the GT- transition
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A. Ravli¢, E. Yiiksel, Y. F. Niu, N. Paar, PRC 104, 054318 (2021) 40



B-decay half-lives in stellar environments
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* Temperature dependence of 3-decay rates Ag for both allowed (1%) and first-forbidden transitions (0~,17,27)
together with their total sum (Total) for >*Ti, 62Fe, 2°Cd, and '3?Sn. Calculations are performed at stellar density

pYe = 107 g/cm3

A. Ravlié, E. Yiiksel, Y. F. Niu, N. Paar, PRC 104, 054318 (2021) 41



B-decay half-lives in stellar environments

Proton number (Z)

'l'.'_""""""_ N L

B0F 7, (5, (K)=5)-1, (1, (K)=0)  wii— O 7, (1 (K)=10)-T,, (1, (K)=0) ~ mec——
L _ T T T T I IT T ——— - - T T 11T 1
R ——
L F < - ~ N T TTTTTTTT TTT T T i :
T~ 043 MeV s 1 o .| T~086MeV m— L E ]
60 ! TP — 60 - SRR 1
; T e 3 | e ]
50 [ 2250 . . Erro— . % 1 € sof Z50 - e~ - - - o, ;
[T O e ——— N=1 26 c00 g u:qu__.l N=126 50.0
40 - . E 40.0 4 cC 40 - , (e 40.0 4
:_ 20.0 ..g :3_ 20.0
i E T —— L 0.0 - [ E 0.0 N
30: Z=28 -~ - -N=82 200 ] & 30: Z=2.8_-_:::£E:ég" N=82 200 ]
T 0 20 [7-20 T g
| N=50 ? (t'il)3 800 [ omm N=50 ? (b)3 -80.0 1
10 = =n_og pY,=10"g/cm 100.07 10 Lo ® N=28 pY.=10"g/cm -100.0 7
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Neutron number (N) Neutron number (N)

In the maijority of the nuclide map, a decrease in the 3-decay half-lives is obtained with increasing temperature.
Nuclei showing the most change are those with initially long half-lives (magic, semi-magic, and close to the valley of
stability).

A. Ravli¢, E. Yiiksel, Y. F. Niu, N. Paar, PRC 104, 054318 (2021) 42
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