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-®-Motivation: to build a consistent and predictive approach to describe the entire
nuclear chart (ideally, an arbitrary strongly-correlated many-body system),
numerically executable and useful for applications, such as r-process, quantum
chemistry, fundamental physics efc.

-®-Challenges: the nuclear hierarchy problem, complexity of NN-interaction
-»-Approximate non-perturbative solutions: Relativistic Nuclear Field Theory (RNFT).
Emerged as a synthesis of Landau-Migdal Fermi-liquid theory, Copenhagen-Milano
NFT and Quantum Hadrodynamics; now put in the context of a systematic equation
of motion (EOM) formalism and linked to ab-initio interactions

- Technique: Green functions, EOM, time blocking method

-®Nuclear response to neutral and charge-exchange probes: giant EL, Gamow-Teller,
spin dipole etc. (neutron capture, gamma and beta decays, pair transfer, ...)

-2 Nuclear response at finite temperature: thermal QFT for transitions between nuclear
excited states

-® Conclusions and perspectives



T

. - jn-a.-‘ e " - ' ‘%33-,. = -I i i
L=-Definitions and diagrammatic-conventions
/a \

e

One-fermion propagator:
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R(12',21") = G(12',21") — G(1,2)G(2',1"),  Response function

R(2,21") = G(12,21") — (G(1,2)G(?,1) - G(1,1)G(2,2)) Fully correlated part
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Spectra of excitations
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Mean field FO, where p12,172r = lim R(12,172')
contains the full solution of (*) including the dynamical term!

EOM method:
S. Adachi and P. Schuck, NPA496, 485 (1989).
J. Dukelsky, G. Roepke, and P. Schuck, NPA 625, 14 (1995).
P. Schuck and M. Tohyama, PRB 93, 165117 (2016).
etc.
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Irreducible part of G# is decomposed
into uncorrelated, singly-correlated and
doubly-correlated terms:

G (54317, 5'4'31) = GO (54317 5'4'31) +
+ GO (54317 5'4'31) + G (54317 5'4/31)

Singly-correlated terms (up to phases):
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Original QVC: non-correlated and
partly singly-correlated terms

Generalized QVC meets EOM: ALL correlated terms
(preliminary, work in in progress)

All channels

Self-consistent closed system of equations
are coupled

A A

R(w) = RO (w) + RO (w)W[R(w)|R(w)

E.L., P. Schuck,

in progress
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Higher-orders: tow,rg;a‘ Qom“p'lefé ‘theory

Bethe-Salpeter Equation:
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Time blocking approximation (TBA):
V.I. Tselyaev, Yad. Fiz. 50,1252 (1989) R(w) = R0(w) + RO(w) [V + W(w)] R(w)
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Generalized TBA for correlated propagator:
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2-phonon: V. Tselyaev, PRC 75, 024306 (2007) gy T,
n-th order: E.L. PRC 91, 034332 (2015) ' e :CW*W
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Interaction

Instantaneous

meson-
exchange:

R(Q)RPA

Dynamic

(retardation):’\

Quasipatrticle-
vibration
coupling

in the (resonant)
time blocking
approximation

vistic quasiparticle time bl@ek ng approximation
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E. L., P. Ring, and V. Tselyaev, Phys. Rev. C 78, 014312 (2008)



Isospin transfer response fu,p z;ion protol-neutron
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C. Robin, E.L., Eur. Phys. J. A 52, 205 (2016)




Dipole response,cn med/uﬁgl glpass jand hgavy nuclei
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Giant dipole resonance (GDR) in stable nuclei
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* P Adrich et al., **E L., P. Ring, and V. Tselyaey,

PRL 95, 132501 (2005) Phys. Rev. C 78, 014312 (2008)

2008-2018: Systematic GMR calculations Pygmy dipole resonance (PDR) systematics (important for EOS)

(various multipoles) 10 : : : : : : : : :
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Used for (n,y) rates: see talk of Caroline Robin I.A. Egorova, E. Litvinova, Phys. Rev. C 94, 034322 (2016)
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Recent measuremnts at MSU
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K. Miki, R.G.T. Zegers,..., E.L., ...,

Isovector spin monopole resonance

C. Robin et al.,

Phys. Lett. B 769, 339 (2017)

s

S A A

Recent developments on spin-isospin response:

Superfluid pairing

Coupling to charge-exchange phonons

Beta decay

QVC-induced ground state correlations (GSC);
Meson-exchange pn-pairing

See talk of Caroline Robin
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M. Scott, R.G.T. Zegers, ...,
E.L., ..., C. Robin et al.,
Phys. Rev. Lett. 118, 172501 (2017)



» J.J. Gaardhgje, C. Ellegaard, B. Herskind, S.G. Steadman,
Phys. Rev. Lett. 53, 148 (1984).

» J.J. Gaardhgje, C. Ellegaard, B. Herskind, et al., Phys. Rev. Lett. 56,
1783 (1986).

* D.R. Chakrabarty, S. Sen, M. Thoennessen et al., Phys. Rev. C 36,
1886 (1987).

* A. Bracco, J.J. Gaardhgje, A.M. Bruce et al., Phys. Rev. Lett. 62,
2080 (1989).

* G. Enders, F.D. Berg, K. Hagel, et al., Phys. Rev. Lett. 69, 249
(1992).

* H.J. Hofmann, J.C. Bacelar, M.N. Harakeh, et al., Nucl. Phys. A 571,
301 (1994).

* E. Ramakrishnan, T. Baumann, A. Azhari et al.,
Phys. Rev. Lett. 76, 2025 (1996).

* P. Heckman, D. Bazin, J.R. Beene, Y. Blumenfeld, et al., Phys. Lett.
B 555, 43 (2003).

* F. Camera, A. Bracco, V. Nanal, et al., Phys. Lett. B 560, 1565 (2003).

* M. Thoennessen, Nucl. Phys. A 731, 131 (2004).

-2 A (relatively) recent survey:
D. Santonocito and Y. Blumenfeld, Eur. Phys. J. A 30,

183 (2006).
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Fig. 4. Comparison of

the

T (MeV)
GDR width extracted from

50A MeV a-particle inelastic-scattering experiment (full sym-
bols) on 12°Sn [29] and from fusion reaction data (open sym-
bols) on 71281 nuclei [23-25]. The lower part shows the
comparison of the a inelastic-scattering experiment results
with adiabatic coupling calculations [32] shown as a full line.
The dashed line includes the contribution to the width due to
particle evaporation width [35].

General observations:

-2 Broadening of the GDR with temperature
‘& “Disappearance” of the GDR at T~5 MeV
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T. Matsubara, Prog. Theor. Phys. 14, 351 (1955).

--&-Finite—Temperature Green function formalism A.A. Abrikosov, L.P. Gor’kov, and I.E. Dzyaloshinski,
Methods of Quantum Field Theory in Statistical Physics

A.L. Goodman, Nucl. Phys. A352, 30 (1981).

-®-Finite-Temperature Hartree-Fock, Hartree-Fock- F. Ring et al., Nucl. Phys. A419, 261 (1983).
&B vub p d d h ’ imati H.M. Sommermann, Ann. Phys. 151, 163 (1983).
0golyubov ana random phase approximations Y.F Niu et al., Phys. Lett. B 681, 315 (2009).

J. Bar-Touv, Phys. Rev. C 32, 1369 (1985).
V.A. Rodin and M.G. Urin, PEPAN 31, 975 (2000).
E.V. Litvinova, S.P. Kamerdzhiev, and V.l. Tselyaev,
-&-Continuum RPA and QRPA at finite temperature _ Phys. At Nucl. 66, 558 (2003)
E. Khan, N. Van Giai, M. Grasso,

Nucl. Phys. A731, 311 (2004).

E. Litvinova and N. Belov,
Phys. Rev. C88, 031302(R) (2013).

P.F. Bortignon et al., Nuc. Phys. A460, 149 (1985).

& Finite-Temperature approaches beyond RPA D. Lacroix et al., PRC 58, 2154 (1998).

-® FT-RPA, FT-CRPA and FT-QRPA seem to be understood, however, microscopic calculations beyond
one-loop approximations are still very limited, sometimes contradicting, and their results are not
assessed systematically.

-®-Open questions: What are the microscopic mechanisms of the GMR’s broadening with temperature?
What happens to the soft modes and to the low-lying strength at T>0?




_Nueleus in the therﬁff’él eqliliblivm! compound.stah

Grand thermodynamical potential to be minimized with the
Q()\, T) =E—-AN-TS Covariant Energy Density Functional (NL3, P. Ring et al.)

E[R,$| = Tr[(@F+ Bm)R +Z{Tr (BTmom )R] F /dsr[%(%m)“U(%)”

S = —kTr(RInR) Entropy (maximized)
VoY) e [
Continuum
®
e~ (H=AN)/kT . :
R = Density matrix

Tr [e—(H—)\N)/kT]

OF R
H = —[] Single-particle
OR Hamiltonian

7(E)
(DU



“Nuelétis in the thermial equilibkium!a colmpoundistal
P = A =3

Fractional occupancies and thermal unblocking:

1
J(T) = ;s T) = Fermions
ni(T) = (e, T) 1+ exp{e;/T}
N(Q,.T)=
( g ) exp{Qu/T}_ 1 Bosons

RMF excitation energies vs temperature
Calculations of H. Wibowo (WMU):

-370 — T T T T T T T T T T L L B e

[ a,=-417.0 MeV 1-1000F a,=-1114.0 MeV .

as0f a=5.80MeV' h L a=1585MeV" ]
= 390 . ]
(] I 48 4
= Ca ]
* ]
m -400 | - ]
-“lor o E*=E 1

¢ — E*=a + al’” ]
005 1 15 2 25 3 3

Continuum

(A)u

Parabolic fit of the RMF E*(T)
gives the level density
parameters arwmr close to those
of the empirical Fermi gas model




Free single-fermion propagator in t-representation (imaginary time):

G(1,2) = =012(0(T)(1 — nq) — O(—=7)n1)e "7, T =1t1 —ty
or 1 ::'{élatl}
G(1,2) = Gia(7) = —06120(c7)n(—0e1 )e 17, o = sign(T)

To be compared to T=0 case:
C~¥(1, 2) = —io10120(01T)e 17, o1 = sign(ey)

Fourier transform to the imaginary discrete energy variable:

/T
> . 1 > & T 0
G12(i&) = 5 / dr Gio(T)e™T = @;_2517 & =20+ 1)nT
1T

Dyson equation for the single-fermion propagator:

G(1,2) =G(1,2) + ) G(1,1)5%(1'2)G(2',2)

172/



_ Bethe-Saltpeter e;7u

Bethe-Saltpeter equation (BSE) for the response function:

R(14,23) = G(1,3)G(4,2) + > G(1,5)G(6,2)V (58,67)R (74, 83)
5678

BSE in terms of the uncorrelated one-fermion propagator:
R(14,23) = R(14,23)+> _ R(16,25)W(58,67)R(74,83)
5678

Free (uncorrelated) response: 7%(0)(147 23) = g~(1’ 3)g~(4, 2)

Interaction kernel:

W(14,23) = V(14,23) + V°(14,23) +iG1(1,3)2°(4, 2) +i2°(1,3)G 1 (4,2) — ix4(1,3)2°(4, 2)

Leading-order self-energy and induced interaction:

22 T 5 5 5

e
Ve,




R = + R . * A\% ) R Formally,
S5

the same BSE
. . — N - ol at T=0 and T>0
+ R + R - R
&l - oS
next-order, GSC/PVC, (see talk of Caroline Robin)
~0 .~0
R=R —iR WR

R%(14,23) = G(1,3)G(4,2) — D"(14,23) = ©(14,23)G(1,3)G(4,2)
Time- projection
operator:

@(14, 23) = 501,_029(01t14)9(01t23)
V.I. Tselyaey,

Yad. Fiz. 50,1252 (1989)

Ry 03w, e,€") = 2m6136246(c — £')G1(e + w)Ga(e)

Non-separable

13?4’23 (W, €,6") = 105, —5y01302401 (W — €12 + 1010)G1 (e + w)Ga(e)Gs(e" + w)Ga(e)

Separable
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Single-frequency variable equation
for the response function:

R14,23( w) = R1423 ) + Z R12' 21/ )[‘71’4’,2'3’+5@1'4',2'3'(w)]R3'4,4'3(w)
1727374/

(5@1/4/’2/3/ ((,d) p— @1/4/,2/3/ (w) — @1/4/,2/3/ (0)

L

' Correction of the double counting

Dynamical kernel (time-ordered), the resonant part without the GSC/PVC:

¢121'2
m m* m m* m* 1 m Tk
P (Ph-ph) _ 5 911791717 s 92119921191 9171922 911:922/
12,1727 (CU) - 22/ + 11/ _ Yy
w_gl"+52_Qm w_51+52“_9m w_51+52’_Qm ol)_51"l‘52_S27n

m 1// 2//
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How to transform the BSE at T>0?

Free two-fermion propagator:

>0 O > Fourier transform to the imaginary discrete
R (147 23) — g(la 3)g(4a 2) energy variables:

~ . 013024071/ 813024077/
R(1)4,23(7’wn77’£l77/€l’) = T —

1€ — 62)(’iwn +1& — 81) T

G1 (iwn, +1£1)G2(i&)1)

. P . 50 . . . .
-2-Which projection operator can bring Rl 4,23 (ana ’Lf ls z§ l’) to a symmetric form at T>0 ?

-&The operator O(14,23) = 05, —0,0(01t14)0(01t23) used at T=0 can not...

-® We have found that the operator
@(14, 23; T) = 501,_(;2 [n(0'1€2, T)9(01t12) — n(—0'1€1, T)@(—O‘ltlg)} 9(0‘1t14)9(0'1t23)
%iin09(12, T) = 11}_% [TL(U162, T)0(o1t12) +n(—o1e1, T)Q(—Ultlz)] =1

can do this



2 “Soft” time blocking at T>0
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leads to a single-frequency variable

2’\gi//4”

/1 .
2 4 2

4’

equation for the response function

Ris23(w,T) = 7%(1)4,23(00, T) +

172734/

+ Z R 91/(w, T) [Virar 25/ (T) + 6@1rar 230 (w0, T) [ Rara.ar3(w, T)

6@1/4/,2/3/ (w, T) = @1/4/’2/3/ (CL), T) — @1/4/72/3/ (0, T)

T>0:

1
oM (w, T) =
14,23( ) ’I’L43(T) ) Z

X

—m(T)) n
LUl — e AF e — b

um Ume
+ 524 § 7#;15,7;1,;35 X
5

y (N (1) +n2(T)) (n(e2 — 0,2, T) — ns(T))
W—egreg — 1,00

- 72?13’72721 X
y (N (1:20) + 12(T)) (n(e2 = 1.2, T) —n3(T))
w— €3+ €2 — Nully

- 72?3*172?12 X
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w—e1+e4— M8y

9

Dynamical kernel:
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752764
gj ij EQ X | &
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-»-The exponential factor brings an additional enhancement at E<T energy region and provides the
finite zero-energy limit of the strength function (regardless its spin-parity)
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Evolition of the pygriy dipole”fesonance (PDR) at

Strength distribution Transition density for the low-energy peak
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GDR'’s width Energy-weighted sum rule
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- The GTR shows a stronger sensitivity to temperature than the neutral GDR.
-»-The strength gets ‘pumped” into the low-energy peak with the temperature increase.
-»-New states appear in the lowest-energy sector due to the thermal unblocking.

-»-PVC fragmentation effects remain strong.
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-»- The thermally unblocked transitions increase the
GTR strength within the Qg window. This causes the
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decrease of the T12 with temperature.

-»-At the typical r-process temperatures T~0.2-0.3
MeV the thermal unblocking is still suppressed by
the large shell gaps, however, the situation should

change in the open-shell nuclei.
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Summary:

-® Relativistic NFT offers a powerful framework for a high-precision solution of the nuclear
many-body problem at zero and finite temperature;

-® The self-consistent Green function formalism and the non-perturbative response theory
based on QHD and including high-order correlations are available for a large class of nuclear
excited states in even-even and odd-odd nuclei; now generalized to finite temperature

-® The first application to the dipole response has explained the the dependence of the GDR’s
width on temperature and “disappearance” of the GDR at T~6 MeV in medium-heavy nuclei. A
temperature evolution of the GTR was studied within a proton-neutron version of the FT-
RTBA.

Current and future developments:

-®-An approach to nuclear response including both continuum and PVC at finite temperature, for
both neutral and charge-exchange excitations (in progress);

-®-Inclusion of the superfluid pairing to extend the application range (r-process);
-®- Extension of FT-RTBA to pairing channels and applications to neutron stars;

-® Toward an “ab initio” description: realization of the approach based on the bare relativistic
meson-exchange potential
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