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Introduction and motivation: spin-isospin excitations

V' The spin-isospin resonances can be induced by
: : : - 19g.5 ®¢ ° lgg.2
isospin lowering (7—) or raising (74 ) operators.
@ Isobaric analog states (IAS): :
AL=AJ=AS=0, sa
@ Gamow-Teller resonance (GTR):
AL=0,AJ=AS=1, P "
@ Spin monopole (J =07), dipole (J=17) 2
and quadrupole (J = 27) states.
; : f 19, 2 -
v Their properties are important to understand the
nuclear structure: lag o, ®< S lag.a
@ Spin and isospin properties of the effective !
nuclear interaction :
M. Bender et.al., PRC 65, 054322 (2002), H. Liang et.al., sai
PRL 101 (2008) 122502., T
@ They can be used to predict neutron skin 3] n
thickness of nuclei >

D. Vretenar et.al., Phys.Rev.Lett. 91, 262502 (2003).
(a) Fermi (b) Gamow-Teller transitions.
F. Osterfeld, Rev. Mod. Phys., 64, 491557 (1992).
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Introduction and motivation: spin-isospin excitations

v ... and nuclear weak interaction processes in stellar
environments:

@ Calculation of the -decay rates of r-process

nuclei
J.Engel et.al., Phys. Rev. C 60, 014302 (1999);
T. Marketin et.al., Phys. Rev. C 93, 025805 (2015),

@ Electron capture cross sections and rates
K. Langanke et.al., Phys. Rev. Lett. 90, 241102 (2003);
A. L. Cole et.al., Phys. Rev. C86, 015809 (2012).

@ and charged-current neutrino-nucleus

reactions
N. Paar et.al., Phys. Rev. C 77, 024608 (2008);
N. Paar et. al., Phys. Rev. C 87, 025801 (2013).

. which take place at finite temperatures.
Therefore, accurate determination of the Gamow-Teller
excitations as well as the nuclear properties is quite
important for the astrophysical calculations.

Self-consistent mean-field theories (HF, Q(RPA)) are
standing as the prominent tools for calculations.
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T. Marketin, et.al., PRC 93, 025805 (2016).
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Electron capture cross sections are calculated using
FT-PNRPA.
Y.F. Niu et.al., PRC 83, 045807 (2011).
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Overview of recent works

TABLE II. The major low-energy dipole excitations for *Ni
at T'= 0 and 2 MeV. The configurations and their contribu-
tion to the norm of the states (in percentage) are displayed for
each excitation energies, separately. The transitions appear
by increasing the temperature are also shown in gray.

Configurations T =0MeV T=2MeV T=2DMeV
E=10.05 MeV E=0.62 MeV E=11.0 MeV

les,ﬂg —+ 1/2(13’/2 61.4 53.0 -
vlfra — vlgase 9.7 4.6 9.4
v2pg e — v2d5 9 71 5.5 48
vifspo— v2ds9 5.0 24 -
o 1 2 3 4 5 6 7 8 9 10 11 12 vlfsyo = v3dsja 2.6 12 -
E [MeV] vlgoss = v2hiy s - 26 18.7
V2d5/2 —+ V4f7/2 - 5.9 =
The reduced transition probabilities for the low-energy dipole y2p3/2 - y351/2 = z L
region at T i 0 MeV and T = 2 MeV. &P mLfrj2 = mlgosa 44 19 20
nlfspa — m2dssg E 10.1 -
n2p3sg —+ w2dy/g - 14 47.0
nldssy = mlfr/o = 35
@ Derivation of the FT-QRPA equations: m2s1/2 — 12p3/2 = - 2%

H. M. Sommermann, Ann. Phys. (NY)

E. Yiiksel, G. Colo, E. Khan, Y.F. Niu, K. Bozkurt Phys. Rev.
151, 163 (1983). C. 96, 024303 (2017).
@ Finite temperature Continuum QRPA:

E. Khan et. al., Nucl. Phys. A731, 311
(2004).
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Overview of recent works

Gamow-Teller transitions at finite temperature with the RPA:

\/ The extended QRPA: O. Civitarese and M. Reboiro, Phys. Rev. C 63, 034323 (2001).

\/ Shell model+RPA: K. Langanke, E. Kolbe, and D. J. Dean, Phys. Rev. C 63, 032801(R) (2001).
\/ Thermo-Field-Dynamics (TFD) formalism: Alan A. Dzhioev et.al., Phys. Rev. C 81, 015804 (2010)
\/ Skyrme-TQRPA: Alan A. Dzhioev et.al., Phys. Rev. C 94, 015805 (2016).
v

FT-RRPA: Y.F. Niu et.al., Phys. Rev. C 83, 045807 (2011).

V.
Goal

@ There is no complete investigation available on the effect of the temperature on the
spin-isospin response of the open-shell nuclei using relativistic nuclear energy density
functionals!

@ The purpose of the present work is to investigate the finite temperature effects on the
Gamow-Teller excitations by developing the self consistent relativistic finite temperature
proton-neutron QRPA.
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Finite temperature effects on the ground state properties

The relativistic nuclear energy density functional with density dependent meson-nucleon
couplings are used in the calculations, and pairing correlations are taken into account in the

BCS scheme.
‘
e Ce—a 1ol " =T=0MeV] |
150 \*\\ el " L1 Mev
b o g n =;
. T \ DD-ME2 08} 1, ©obAT=2MeV] |
> | 56,
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8 \ ; |
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Left: Mean value of the neutron(proton) pairing gap as a function of the temperature for 56Fe, Right: occupation probabilities
for neutron states as a function of temperature The calculations are performed using DD-ME2 functional.

Temperature dependent Fermi-Dirac distribution function: f; = [1 4 exp(E;/kg T)]~* J
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Microscopic model: Finite temperature quasiparticle
random phase approximation

The starting point in the Equation of Motion (EOM) method is the definition of a suitable excitation operator

Z X;baTab Y habaa + Pipalap — Qpapas
a>b

)

two-quasiparticle creation/destruction operators and one-quasiparticle creation/ destruction operators. With

|BCS) as the approximate thermal vacuum the equation of motion can be written as:
(BCs| [5r H.Tt } |BCS) = E, (BCS| [6r rT] |BCS)

The FT-QRPA equations are derived as:

Aabed = \/1 —f- fbA’abcd\/l — fo — fy + (Es + Ep)OacObas
Babed = /1 - beabcd\/l fe — 4,
Cobed = \/7 2bed fe + (Es — Ep)dacObd,
Dabea = /To — aDabcd\/ fa — fe,
aNabcd =y — fodapea /1 — fo — fa,
babed = \/fo — fababea /1 — fo — fa,

H. M. Sommermann, Ann. Phys. (NY) 151, 163 (1983)

E. Yiiksel, G. Colo, E. Khan, Y.F. Niu, K. Bozkurt Phys. Rev. C. 96, 024303 (2017).
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Microscopic model: finite temperature quasiparticle

random phase approximation

The matrix elements read:

Al ped = (UatpUctg + VaVpVeVy) Vabed

+ (uavbucvd + VanVc”d)VaHEc

— (1Y (v ve g + Valpeva) Vszpg
Baped = —(UatpVevy + VaVitctg) Vg

+ (uavpVeuq + Vauptcvg)Vogzp

- (71)j‘+j”’“(uavbucvd + ValpVeld)V,chg
Cloeg = (UaVblcVd + ValpVetd)Vaeg

+ (uauptcug + VavpVevg) Vadbe

+ (= 1Y (uupveva + VaViticta) V,epg
Dabed = (UaVpVeld + Vatptcvg) Vi gzg

— (UaupVeVyg + VaVpuctg)V,gpz

— (—1Y e (uupucug + VaviVevd) Vachd
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Microscopic model: finite temperature quasiparticle
random phase approximation

Aabed =(VallpVeVa — UaVplictig) V)

abed
— (VaVpVely — UaUplcVy) V:;bc (13)
+ (1Y (vvpuevg — vpupveug) VIR,
babed = — (VaplcUg — uavpvevg) VED
— (VaVplcvg — uaubvcud)V::bE (14)
+ (—1)j°+jd+J(vavbvcud — uaubucvd)V:;ILJ
33pca =(VaVoVeld — Uatipticva) V1Y 5
— (ValtpVeVy — UaVilictig) VPR (15)

- (71)jc+j"+"(vaubucud - uavbvcvd)V;g’d
baTbcd =(VaVplcvg — UanVcUd)V:fgd
h
+ (Vaplctg — uavpvevg) Vi, (16)

+ (71)j°+j"+J(vauvavd — uavbucud)V::hEd

E. Yiiksel Finite Temperatures 04.09.2018 10 /26



Microscopic model: Finite temperature quasiparticle
random phase approximation

The finite temperature QRPA equations can be combined into a single matrix as

¢ H b D p p
i A B B || X X
. LB = 5 1
Bt B A 5T % oy (a7)
—-D* —b* -5 -C* Q Q

o Aand B (and their complex conjugates) describe the effects of two-quasiparticle excitations (afa’ and

aa).
P P B B
Z{ 2| —|Yab| +|Pab| — Qb }:11 (18)
a>b
The reduced transition probability is given as
B(EJ,0 - v) = |(wIIA][0)
2
= |3 {(Rea + Vi) veuta + ueva) VT = o — fy + (Pry + Qta)uietg — veva)v/fa — fc}(cHI:_JHd)’ 4
c>d
(19)
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Numerical results - finite temperature effects

T T T T T T T T T T

10 F *Fe DD-ME2 4

GT~
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E (MeV)
Figure 2: The Gamow-Teller strength in 56Fe by increasing temperature. The FT-PNQRPA calculations are performed on top of
the FT-HBCS. The strength of the T = 0 particle-particle interaction is taken as Vy = 200MeV.

@ The main GT~ strength at E=15.98 MeV is formed with v1f; ,, — wlf;,; transition.
@ By increasing the temperature, at T=0.3 MeV, Gamow-Teller strength and excitation
energies do not change.
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Numerical results - finite temperature effects
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Figure 3: The Gamow-Teller strength in 56Fe by increasing temperature.

@ At T=0.5 MeV, the main Gamow-Teller strength and excitation energy do not change.

@ Formation of the new Gamow-Teller states is obtained due to the changes in the
occupation probabilities of states and opening of the new excitation channels.
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Numerical results - finite temperature effects

T T T T T T T T T T

*Fe DD-ME2 J

A 1 | \|“I n 1
0 2 4 6 8 10 12 14 16 18 20
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Figure 4: The Gamow-Teller strength in 56Fe by increasing temperature.

22

@ Increasing the temperature further, the main peak at around 16 MeV is almost not
affected, whereas the Gamow-Teller states shift toward downward in the low-energy region.

@ With the formation of the new states, the low-energy region becomes more fragmented.
@ lkeda Sum rule is satisfied at finite temperature.
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Numerical results -
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Figure 5: The Gamow-Teller (GT ) strength in 56Fe using

E. Yiiksel

DD-ME2 interaction.

finite temperature effects

Table: the selected low-energy states and corresponding
transitions at T=0.7 MeV.

E (MeV) Transitions

4.30 v2py /5 — 72p3 /2 (99.64%)

548 V2P /5 — 72p3 /5 (98.26%)

6.40 VIfy 5 — wify /5 (91.7%)
v2p3 /5 — w2p3 /5(2.44%)

7.05 VTt )3 — 72p3/2(5047%

)

v2p3 /5 — wlfs /5(12.64%)

v2p3 /5 — 7w2py /2(14.10%)

735 V2p3 5 — 723 /2(49.95%)
)

)

V2p1/2 — 7'r2p3/2(20.58%
Vify )y — m2ps /5(12.92%

@ Apart from (E; + Ej) configurations,
(Ea — Ep) two q.p. configurations also
start to contribute to the excitations.
This mainly affects the low-energy region
with increasing temperature.
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Numerical results - temperature.vs.isovector pairing effects

T T T T T T T T T T
10 NN T=0 MeV | %p¢ DD-ME2 Unperturbed
I 7=0.7 MeV|

0.1F | | E
L L i I L I
8 10 12 1

0 2 4 6 4 16 18 20 22

GT~

E (MeV)
Figure 6: Unperturbed GT ~ strength at T=0 and 0.7 MeV.

@ lIsovector pairing (T=1) | and Ecopr |-
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Numerical results - temperature.vs.isoscalar pairing effects

T T T T T T T T T T
I Unperturbed **Fe DD-ME2
HE FT-PNQRPA (V,=0 MeV)

10

[ T=0.7 MeV

10 12 14 16 18 20 22
E (MeV)
Figure 7: Unperturbed and FT-PNQRPA results for the GT ~ strength at T=0 and 0.7 MeV.

9 22
Vig = =W 327 gje /M s 1 7o

@ ..where p; = 1.2fm, pup = 0.7fm and g1 = 1, g» = —2. Here, Vj is a free parameter.
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Numerical results - temperature.vs.isoscalar pairing effects

T T T T T T
10 |- |HEEE FT-PNQRPA (V,;=0 MeV) %ce DD-ME2 4
I FT-PNQRPA (V=200 MeV)
T=0.7 MeV
, 1 i
'_
(O]
0.1 i
0 2 4 4 16 18 20 22

10 12 1
E (MeV)

Figure 8: Unperturbed and FT-PNQRPA results for the GT ~ strength at T=0 and 0.7 MeV.

5 22
Vi = —Vo X7 gie” 2/ HiMls_y 7o
@ The isoscalar pairing shifts the excitation energies down and the strength is enhanced in
the low-energy region.
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Numerical results - FT-PNRPA.vs.FT-PNQRPA

.
10k PNRPA | *Fe DD-ME2 E 10¢ FT-PNRPA | T=1MeV ]
-PNQRPA B FT-PNQRPA

T=0.7 MeV
I ‘ ‘ | I I I l
2 4 6
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Figure 7: Comparison of the Gamow-Teller strength in 56Fe using FT-PNRPA and FT-PNQRPA.

GT~

0.1

@ Inclusion of the pairing in microscopic models is important for the proper description of
the Gamow-Teller states below the critical temperatures.
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Conclusions

The relativistic finite temperature proton-neutron QRPA is developed and
used in the calculations of the Gamow-Teller response of nuclei.

@ For T> 0.5 MeV, formation of the new low-energy strengths are obtained with the
opening of the new excitation channels.

@ The Gamow-Teller excitation energies also start to shift downward by increasing
temperature.

@ Inclusion of the pairing in microscopic models is crucial for the proper description of the
Gamow-Teller states below the critical temperatures.

Perspectives

@ The other spin-isospin resonances in nuclei at Finite Temperature?

@ Calculation of the nuclear weak interaction processes (beta decay, electron capture,
neutrino-nucleus scattering etc.,) at finite temperature.
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The quasiparticle representation of the Hamiltonian
The Hamiltonian is defined in particle basis as:

B 1
H=3"Tapcla+ i >~ vaseaclclcace (20)
ab abed

here, T represents the kinetic energy and the vapcq are antisymmetrized matrix elements of the nuclear interaction. The transformation
from particles to quasiparticles is performed through

cf = upa] = Vada, & = up3, — v,3) (21)
and we obtain the Hamiltonian as
H=Ho+ > Hu(b)[ahas] + Y Hoo(b)([aha}] — [db3s]) + Vies (22)
b b

The residual interaction is given in compact form as
VRres = 1 EV bed N [cTcTcdc } (23)
2 e abc aCpCdCe
abc

where N[. . ]BCS denotes normal ordering with respect to the BCS vacuum (|BCS)). Expressing the residual interaction in terms of the
quasiparticle creation and annihilation operators, Vges is written as

VRes = Hao + Ha1 + Ha2 (24)
1 ot
Hio =Y Vabea [Zuaubvcvd(: atalshal - +H.c.)] (25)
abed
_ 1 ot
H31 =" Vabea [*E(Uaubucvd — Vavbvetg)(: abalalac : +H-C~)] (26)
abed

1 st s

Hyy = Zvabcd [Z(uaubucud + VaVpVevy) a;aladac D —UaVplcVy a;a;abac :} (27)

abcd
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Microscopic model: finite temperature quasiparticle
random phase approximation

The starting point in the Equation of Motion (EOM) method is the definition of a suitable excitation operator

T =" XGAL(IM) = Yi,As(JM) + PY,BL,(JM) — QL Ban(JM) (28)
a>b

here v = nJ™M and the summation is restricted to avoid double counting. The Hermitian of Ff, is:

Ty =3 X5 As(IM) = Vi AL (IM) + Pl Bap(JM) — Qi Bl (JM). (29)
a>b

We define the coupled operators as:

ALy (IM) = Nap(J) S~ (jamajoms| IM)alal, (30)

Anp(IM) = Nab(J)(—)J";mbX: (jamajsmp| J — M)apa,, (31)

B, (M) = Nap(J) > (—;ﬂ:ﬂ (jamajs — my| IM)ahas, (32)
Bap(JM) = Nab(J)(—)”E:bZn‘: (Vo™ Gamajs — my| J — M)}z, (33)

ahere at and a are the quasiparticle operators and N, is defined as

() = YEE D, (34)

Basic variations can be written as

3T = Aap(JM)(Bas(JM)), oT = AL, (JA)(BY, (JM)) (35)
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Microscopic model: finite temperature quasiparticle
random phase approximation

The matrix elements read:

E. Yiiksel

Alpead = (UatplcUy + VaVpVeVa) Vabed

+ Nap(J)Nea(J) [(UaVbUch + ValipVetig) V,ape

- (71)jc+jd+J(“aVchUd + Va”bUch)VaEEd}
Babed = —(UalpVeVd + VaVplcta)Vopzg

+ Nab(J)Nea (J) [(uaVbVetig + Vatipticva) Vogzp

- (71)jc+jd+J(”aVb’-’ch + Va”b"cud)vacl—wﬁ}
Clped = (UaVblc Vg + ValpVeld) Vypeg

+ Nap(J) Nea(J) [(vatiptctg + VaViVeVa) Vadse

+ (=1 (uupvevy + VaVitctg) V,zpg]
Dabed = (UaVhVelld + VallpUcVa)Vypeq

— Nap(J)Nea () [(tatpVeVa + VaVitictia) Vagoe

+ (= 1Y (uupctig + VaViVeVa) Vacba)

Finite Temperatures
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Microscopic model: finite temperature quasiparticle
random phase approximation

— PP
Aabed =(VallbVeVd — Ua VbUcUd)VaECd

— Nap(S)Neg(J) [(Vaviveua — UQUbuch)V:;bc (40)

— (LY (vavpuevy — uatpveuq) VIR ]

babed = — (Valiplictiy — UaVpVevy) VEL
— Nap(J)Neg(J) [(Vavuicva — uatipveug) Vo (a1)
- (—1)j°+jd+J(vavbvcud — UaUpUcVy) V::;J]

+ _ PP
alcq =(VavbVeug — UanUch)Vabcg

= Nap(J) Nea(J) [(VattpVeva — tavisticta) VPR (42)
+ (71)jc+jd+J(Va”bUcUd - UaVchVd)V;;hbd}

-
bapeg =(VaVplcvy — UanVcUd)fogd

+ Nop () Neg (J) [(Vatptic g — UaVoVeva) Vi, (43)
+ (71)/C+jd+J(vauvavd — uavbucud)VfChEd]
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