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Advantages of an energy functional: P

» Clear physical picture
» Same interaction for all atomic nuclei
» Easy implementation

» Common framework for stable and unstable nuclei



Signatures of QCD at low energy

Goldstone modes Quark condensate
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Pions as low-energy d.o.f. At T ~0, (gq), is large

Long-range physics should be  (~ 1.8 fm_3) and modifies
explicitly treated nucleon properties
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Inspiration from Kohn-Sham theory

In atomic physics

» Relativistic Kohn-Sham functional
[Dreizler, Lect. Not. in Phys. 620]

&o Du] = Tkin Du] + Eext + EHartree L/'u] + Eexc Ll'u]

Strategy: isolate the (in principle) tractable dominant
contributions from the exc-energy that contains cru-
cial many-body effects = the success relies on Eexc
determination.

» Local Density Approximation (LDA)

ELDA / Px EEm(p0)
po—p(x)
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Our proposal

Working scheme:

» Relativistic nuclear Kohn-Sham functional

50 [I”] = Tfree [/M] + 5(0) [/”] =+ 5exc[j#] + 5coul [I”]
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Our proposal

Working scheme:

» Relativistic nuclear Kohn-Sham functional
50 [/#] = Tfree [/#] + 5(0) [/#] + gexc [/,u] + gcoul [/#]

» £0): Large scalar and vector fields, arising from the
in-medium changes of the chiral condensate (gq) and
the quark density (gq), act as background fields (0).
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Our proposal

Working scheme:

» Relativistic nuclear Kohn-Sham functional

50[/“] — Tfree[/u] + (‘: [/u] + gexc[/ ] + gcoul[/ ]

» £0): Large scalar and vector fields, arising from the
in-medium changes of the chiral condensate (gq) and
the quark density (gq), act as background fields (0).

> Eoxc — EL 0 The exchange correlation term is
described in terms of pion-nucleon interaction (within
the framework of in-medium ChPT).
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Nuclear interaction

Background fields
[Prog. Part. Nucl. Phys. 35 (1995) 221; 27 (1991) 77]

Of approximately equal

O ~ _onMy magnitude (300 MeV) but

pt ... e (3
maf2 of opposite sign
(0) 4(my + mg)My = origin of the
Xy = m2 f2 p-- spin-orbit interaction
T
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Background fields: in-medium QCD sum rules

In-medium nucleon self-energies

© 82 8n2 on Strong scalar and vector
sy’ = ——@a)p — (@90l = ——5 —————ps mean fields generated
Ng N mu+mg by in-medium changes
6472 3272 of QCD condensates

» Scalar self-energy

0 oy My
£ = Mu(p) — Mi(p) = — =25 ps
mZf?2

loffe’s sum rule

P> Vector self-energy

872
My = =5 (39)o
):(0) . 4(m,_, + md)MN B
v = m2 2
mlr GMOR relation
> Estimates (my + mg)(3q)o = —m’f2
0 0
):g) Gé )ps on Ps

=S = = ~ -1

£0 GO, a(mi+ma) p
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Spin-orbit from in-medium QCD sum rules W anercy demy
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Nuclear interaction

Background fields
[Prog. Part. Nucl. Phys. 35 (1995) 221; 27 (1991) 77]

Of approximately equal
magnitude (300 MeV) but

© . onMy
sO ~ -

pt ... fe (3
maf2 of opposite sign
(0) 4(my + mg)My = origin of the
Xy = m2 f2 p-- spin-orbit interaction
T

Exchange correlation term
[Nucl. Phys. A750 (2005) 259]

The nuclear matter energy
density is calculated at

three loop order, including
medium and A-insertions.

OO

4D
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Exchange correlation term: in-medium ChPT

Key ingredient: In-medium propagator

=(p+My)  [mmar —2m6(p% = MR)O(ke — [B%)0(po)]
full vacuum medium

» Expansion of E(kf) = E(k¢)/A in powers of % with

< 300 MeV
~ 1 GeV

small momentum
large momentum

q= kf7 My, MA - MN
Q = MN74'7T7 fﬂ'

» E(k¢) can be written as:

_ . 3k? ki \ k?
E(kf)_IOI\/IN_a<m_7r w2t

ke kf—'
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Exchange correlation term: in-medium ChPT

First step: no delta intermediate states

[Nucl. Phys. AB97 (2002) 255; Nucl. Phys. A700 (2002) 343; Nucl. Phys. A724 (2003) 47]

Kinetic energy  O(q?)

17 — exchange O(q®) ‘
lterated 17 — exchange O(q*) QQ ‘
Irreducible 27 — exchange ‘ ‘ ‘ ‘

Regularization

A single contact term >< (or an equivalent cut-off A ~ 27f;)
at order kf adjusted to empirical saturation point.
Encodes unresolved short-distance information.
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Exchange correlation term: in-medium ChPT
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Exchange correlation term: in-medium ChPT

Inclusion of Delta-intermediate states
[Nucl. Phys. A750 (2005) 259]
Irreducible 27-exchange:

Divergent momentum space loop integrals are regularized by
(few) subtraction constants

3 5 6

AE(ke)t) = py=L 5 bs £+ b6k
A2 A4 A®

_ k3 k5 k6
A52(kf)(6t) = /\2 + 35/\4 + 36/\2

with A = 27f; ~ 0.58 MeV
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Exchange correlation term: in-medium ChPT
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Formalism

Functional - &[p] = Epee[p] + EQP] + EL[P] + Ecom]F]

Ereldl = [ dx (Goll-iv- T+ Mulvlo) Free
O] = 3 [ (6ol 6L(F0160) + (60l 6 (T o) BG
erdil = 3 { [ #x UnlGE ()T 100) + (ol GTRN Tt Plen)]

+ / d*x ({60l GF5(P)(W70)| o) + (B0l Gy (A) (W7 T4)* | o))

- / & [(60| D (Vv)*|do) + <¢o\Da(VzZW)2\¢o>1} Pions
Sl = 5 [ dx (G0lAe TS (G 60) Coulomb

Equation of motion

[-iBa-V + My + ’YOZ(\)/ + 70732%—\/ + ’YOZ?? + X5+ mETs|vk = ekt
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How to include in-medium ChPT calculations et
cofnl;:fatilzgjl by
low-energy QCD

Application of the Hugenholtz-Van Hove theorem:

. . S Paolo FinelliT,
... for a system with zero pressure (i.e. a Fermi liquid at absolute 0 ot
zero) the Fermi energy is equal to the average energy per particle D. Vretenar®,
W. Weise

E/N of the system.
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Rearrangement terms (%) can not be neglected
[Phys. Rev. C52 (1995) 3043



Density-dependent couplings

G(p) =

QCD Sum Rules
| S ——

0 0

g3(b3~,33~,G§)~,G\(/)) +  gypt/3
—N —N =

ChPT ChPT

Background terms

Fit FKVW | QCD SR

GO [fm? | -115 -11.0

G [fm?] 11.0 11.0
Counter terms / Pionic fluctuations
Fit FKVW | ChPT

b3 -2.93 -3.05

as 2.20 2.16

bs 0 0

as 0 -3.5

bg -5.68 -2.83

ap -0.13 2.83

D) [fm?) 0.76 07

high order
——

gs(bs,a5)p?/® 4+ gg(bs,a6)p
—N —N
ChPT ChPT

P nice agreement for the
QCD SR estimates

P truncation at order k? is
not adequate for finite
nuclei
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N Relativistic nuclear
Gradient terms DT
functional
constrained by
low-energy QCD

Inhomogeneous systems: a density-matrix expansion could be used to derive

E(p, Vp) = pE(ke) + (Vp)* Fy (ke) + - .

To estimate our derivative term Déw), we approximate Fy by a costant

Paolo Finellif,
N. KaiserT,
D. Vretenar™,
W. Weise

D{) — —2Fg = —0.7 fm* ~ —140 MeVfm®

Introduction
DFT

Interaction

» Anoumalous
behaviour close to The model
zero density due to
chiral singularities

Spherical nuclei

Deformed nuclei

lim Fy = 340 Mevfm®  Conclusions
p—0
Appendix

represents a region
where calculations

L . are under control
0 0.05 0.1 0.15 0.2

oI

This estimate —0.7 fm* is in good agreement with the fitted value —0.76 fm*



N Relativistic nuclear
In practice... ikl
functional
constrained by
low-energy QCD
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Observables, check with experimental data




Lead isotopes
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Neutron and proton radii (Tin and Lead isotopes) e denses
cofn::::atilzgjl by
low-energy QCD
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Form factors

Exp. data
FKVW [2005]

o

Exp. data:
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Charge radii
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Deformations
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Perspectives

Present:

» Successful description of ground-state properties in
finite nuclei

» Linking to the low-energy phenomenology of QCD

Future:

» Hypernucley
» Collective motions (QRPA)
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Perspectives

Present:

» Successful description of ground-state properties in
finite nuclei

» Linking to the low-energy phenomenology of QCD

Future:

» Hypernucley
» Collective motions (QRPA)
» Clear identification of the three-body term
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Self-energies

From the variation of the vertex functionals

&Cint 6L"inl' 6L"int 6PA . 6PA 6ﬁ
— = — + ———= with —=—=
50 % p b 5b o

the self-energies are defined as

Sy o= 16+ 6o+ A"
Srvo= GWp)ps
Ts = 1657+ 67 (p)les + D Vs
Yrs = G(Tg)(P) pS3
1[0607(0) ,  9G(p)
s _ - % 2 2
R 2{ p P+ ap ps+

0Gr)(p) o 96i3(e)
E) 3 p) S3

=u0%¢Y and po* =j*
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Relativistic nuclear
energy density
functional
constrained by
low-energy QCD

Self-energies

2 p" = pP
U(p, kr) — Ui(p, kr)730 + O(6°)  with & =

p" + pP Paolo Finelli,
N. KaiserT,
Whel’e D. Vretenar™,
W. Weise
K3 K 8 1 K2 K8
U(ks; b3, bs, bg) = [c3 + 2b3] /\72 +ca el + [55 + ng] /\7",‘ + [c6 + 3be] /\72 Introduction
DFT
a nd Interaction
The model
3 4 5 6
U, (k¢, a3, as, ap, bs) = [d+2a]k—f+d k—f+d+2a—Eb ﬁ-%—[d-¢—2a]ﬁ
1(kf, a3, a5, a6, bs 3 sl 22 e 5 5= 5| 3 o] 35 Spfiaites] el
Deformed nuclei
Comparison Conclusions
Appendix
PC
%% = &) ps
PC _ ()
Ty (kr,p) = Gy l(p)p
EEPT (ke p) = LU(Ke, kr) ) )
TUPT (ke p) = LU(ke, kr) +l 96y, '(p) o+ 965 (p) o2
ngziT(kn p) = =3 Ui(ks, kr)d 2 dp o 0
sEOFT (ke p) = =S Uy (ke ke)S

PC
zTs (kf: P)
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ZTV (kfa P)
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Influence of the three-body term

Central potential

100

Ug + U, [Mev]

-100]

4/3
) + Us

() e (53)

» Almost no contribution from
background fields

U — Géo)ps aF G‘(/o)p ~0

» Convergence still to be achieved
5/3

> Terms of order p*/3 and p
free-parameters

Relativistic nuclear
energy density
functional
constrained by
low-energy QCD

Paolo Finellit
N. Kaiser',
D. Vretenar*,
W. Weise

Introduction
DFT
Interaction

The model
Spherical nuclei
Deformed nuclei

Conclusions



Shape coexistence: experimental status

i I

triple shape coexistence at low
excitation energy

Potential Energy Surface for '®*Pb

A. Andreyev et al., Nature 405 (2000) 430
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Shape coexistence: theoretical overview W enerey densty
cofn::::atilzgjl by
low-energy QCD
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